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Abstract 

The  potential  engineering  applications  of  nanocrystalline  materials  need  more  detailed  study  on  deformation  and  fracture 
mechanisms  at  room  and  elevated  temperatures  under  tensile  loading.  This  paper  reports  results  of  a  series  of  experiments  carried 
out  on  nickel  and  carbon  doped  nanocrystalline  nickel  with  different  carbon  concentrations  from  500  to  1000  ppm  at  room 
temperature  to  300°C.  Grain  growth  was  observed  in  nanocrystalline  nickels  as  the  testing  temperature  increases.  A  fast  grain 
growth  was  noticed  at  300°C.  Pure  nanocrystalline  nickel  experienced  an  abnormal  grain  growth  at  500°C  and  its  tensile 
properties  reduced  to  a  very  low  level.  The  addition  of  carbon  exerted  a  potential  effect  to  enhance  the  stability  of  the 
microstructure  in  nanocrystalline  nickel  at  intermediate  temperatures.  However,  carbon  doped  nickels  exhibited  lower  tensile 
properties.  Nanocrystalline  nickels  displayed  a  conventional  Hall-Petch  relationship.  The  results  are  discussed  in  relation  to 
micro  structural  characteristics  by  using  TEM  and  SEM.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Nanocrystalline  materials;  Nickel;  Mechanical  properties,  Grain  growth 


1.  Introduction 

Nanocrystalline  materials  have  been  investigated  for 
a  decade  [1-4].  The  nanocrystalline  materials  have 
identical  crystal  structures,  but  different  grain  struc¬ 
tures  from  the  counterpart  conventional  materials.  Such 
a  difference  in  grain  structure  significantly  alters  some 
mechanical  properties.  Currently,  many  processing 
methods  and  their  applications  have  emerged  in  the 
areas  of  magnetic  materials,  structural  materials,  cataly¬ 
sis  materials,  corrosion  and  wear  materials. 

In  particular,  nanocrystalline  materials  processed  by 
electrodeposition  draw  considerable  attention  due  to 
their  advantages  in  processing  and  properties:  (1)  grain 
sizes  between  10  and  100  nm  can  be  controlled  easily; 
(2)  the  finished  products  have  high  density  and  are 
porosity-free;  and  (3)  low  capital  investment  for  pro¬ 
cessing  is  required  and  consequently,  the  production 
cost  is  low.  Recently,  this  process  yielded  a  number  of 
nanocrystalline  alloys  which  include  pure  nanocrys- 
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talline  nickel,  Ni-P  (less  3000  ppm),  Ni-Fe,  Mi-Zn, 
Ni-Mo,  Ni-Al203,  Ni-SiC,  Pd-Ni,  etc.  [4,5]. 
Nanocrystalline  electrodeposited  Ni  and  Ni-P  exhibit 
excellent  mechanical  properties  potential  for  structure 
applications  [6,7].  The  strength  of  nanocrystalline  nickel 
sheets  far  exceeds  those  of  counterpart  large  grained  Ni 
alloys.  The  produced  nanocrystalline  nickel  sheets  can 
have  an  average  thickness  up  to  600  pm. 

Preliminary  results  on  the  mechanical  behavior  of 
electrodeposited  nanocrystalline  Ni  and  its  alloys 
showed  exceptional  strength  and  ductility  at  room  tem¬ 
perature.  As  a  result,  they  could  be  an  excellent  candi¬ 
date  material  for  structural  application.  However,  the 
ultrafine  grain  structure  renders  potential  problems  for 
applications  at  intermediate  as  well  as  high  tempera¬ 
tures  due  to  the  abnormal  grain  growth  and  grain 
boundary  sliding.  Even  at  room  temperature,  nanos- 
tructured  Ni  exhibits  creep  under  high  stress.  One  way 
to  resolve  these  problems  is  to  look  into  a  microalloy¬ 
ing  approach  with  carbon  and  boron. 

The  carbon  and  boron  addition  to  Ni-3  (Si,  Ti) 
suppresses  the  embrittlement  in  air  and  distilled  water 
over  the  whole  range  of  strain  rates  [8].  This  appears 
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Fig.  1.  XRD  patterns  of  as-received  nanocrystalline  nickels. 
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Fig.  2.  XRD  pattern  of  a  fully  annealed  pure  nanocrystalline  nickel  (annealed  at  800°C  for  6  h). 


due  to  the  fact  that  carbon  segregates  to  grain 
boundaries  and  alters  the  fracture  mode  in  these  alloys. 
Both  experimental  evidence  and  the  first  principle  cal¬ 
culations  on  carbon -nickel  bonding  indicate  that  car¬ 
bon  could  change  the  character  of  the  grain  boundaries 
in  nanocrystalline  nickel  alloys  in  a  beneficial  way.  For 
these  reasons,  it  would  be  very  fruitful  to  investigate  the 
influence  of  carbon  doping  on  creep,  fracture,  strength 
and  grain  growth  in  nanostructured  nickel.  Second,  an 
excess  amount  of  carbon  will  form  fine  carbides  along 
the  grain  boundaries  and  in  the  matrix,  which  would 
improve  creep  resistance  in  a  significant  way. 

The  purpose  of  this  paper  is  to  examine  the  mechan¬ 
ical  properties  of  pure  nanocrystalline  nickel  and  car¬ 
bon  doped  nanocrystalline  nickel  with  different 
amounts  of  carbon  concentration  from  500  to  1000 
ppm  at  intermediate  temperatures.  In  addition,  grain 
size  effect  on  ductile  to  brittle  transition  and  fracture 
behaviors  have  been  reported. 


Fig.  3.  (Ill)  pole  figure  of  as-received  Ni-OC. 
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Table  1 

Grain  size  of  samples  at  different  temperature  holding  for  1  h  (nm) 


Materials 

25°C 

100°C 

200°C 

300°C 

500°C 

800°C 

Ni-OC 

19 

21 

25 

583 

277-2015 

8000-26  600 

Ni-500C 

IS 

38 

48 

416 

Ni-lOOOC 

16 

38 

72 

369 

2.  Experimental  procedures 

2.1.  Materials  characterization 

The  materials  used  in  this  research  were  three  kinds 
of  nanocrystalline  nickels  produced  by  an  electrodepo¬ 
sition  technique:  pure  nanocrystalline  nickel  (designated 
Ni-OC),  500  ppm  carbon  doped  nanocrystalline  nickel 
(designated  Ni-500C)  and  1000  ppm  carbon  doped 
nanocrystalline  nickel  (designated  Ni-  1000C).  The  ma¬ 
terials  have  full  density  (pore  free)  and  a  narrow  grain 
size  range,  which  has  been  achieved  by  the  precise 
control  of  electrical  and  chemical  parameters  [9].  The 
thickness  of  the  materials  is  ~0.3 -0.6  mm.  The  elec- 
trodeposited  nanocrystalline  materials  were  acquired 
from  Integran  Technologies  Inc,  Toronto,  Canada. 

The  grain  size  was  determined  from  the  calculation 
based  on  the  broadening  of  the  X-ray  diffraction  peaks. 
The  lowest  angle  peak  (111)  was  chosen  for  calculation. 
The  X-ray  measurements  were  conducted  on  a  Philips 
Norelco  two-axis  diffractometer  with  Jade  analysis  soft¬ 
ware.  The  crystalline  grain  size  was  estimated  from  the 
following  formula  [10]: 

Grain  size  =  {0.9  A  fy/[B2  —  b2]}/ cos  6  (1) 

where  9  is  half  of  the  reported  peak  centroid,  B  is  the 
reported  peak  width  at  half  maximum  in  radians,  b  is 
the  instrument’s  broadening  and  A  is  the  wavelength. 

Scanning  electron  microscopy  (SEM)  was  used  to 
estimate  grain  sizes  bigger  than  100  nm  for  the  samples 
tested  at  higher  temperatures.  A  Hitachi  SEM  was  used 
for  this  purpose.  The  etchant  for  microscopic  examina¬ 
tion  consists  of  one  part  HN03  (concentrated)  and  one 
part  acetic  acid.  Only  fresh  solution  was  used. 

The  pole  figures  were  obtained  from  Philips  X’Pert 
MRD  four-axis  X-ray  diffractometer  by  tilting  the 
specimen  in  reflection  to  a  maximum  of  90°  in  2° 
angular  intervals. 

2.2.  Mechanical  testing 

Dog-bone  shaped  tensile  test  samples  were  water-jet 
machined  to  have  a  nominal  gage  section  of  25.4  mm  x 
4  mm.  The  tensile  tests  were  carried  out  on  a  MTS  810 
machine  with  a  maximum  2500-kg  load  cell  and  Test- 
Star™  II  control  system  software.  An  ATS  high  tem¬ 
perature  extensometer  with  a  gauge  length  of  25.4  mm 


was  used.  Both  load  and  displacement  signals  were 
recorded  directly  on  a  PC.  The  specimen  thickness 
varies  from  0.3  to  0.35  mm  for  pure  nickel,  0.37  to  0.5 
mm  for  500-ppm  carbon  doped  nickel,  and  0.45  to  0.59 
mm  for  1000-ppm  carbon  doped  nickel.  The  tensile 
tests  were  conducted  at  room  temperature  (RT),  100, 
200  and  300°C  respectively.  Before  running  the  test,  the 
specimens  were  held  at  the  test  temperature  for  1  h.  The 


Fig.  4.  Typical  TEM  micrograph  (bright  field  image)  of  the  as-re¬ 
ceived  pure  nanocrystalline  nickel. 


Fig.  5.  Variations  of  grain  size  as  a  function  of  testing  temperature 
for  the  nanocrystalline  nickels. 
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Fig.  6.  SEM  micrographs  of  nanocrystalline  nickels  annealed  at  300°C  for  !  h.  (a)  Ni-OC,  (b)  Ni -500C,  and  (c)  Ni  1000C. 


strain  rate  was  kept  at  2  x  10  “ 5  s  ”  The  yield  strength 
was  defined  as  the  flow  stress  at  a  plastic  strain  of 
0.002.  Two  specimens  were  tested  for  each  temperature. 
For  comparison  and  using  data  in  the  Hall-Petch  plot, 
some  of  the  pure  nanocrystalline  nickel  specimens  were 
annealed  at  100,  200,  300,  500  and  800°C  and  then 
tested  at  room  temperature. 


3.  Results  and  discussions 

3.1.  Materials  characterization 

Fig.  1  is  the  X-ray  diffraction  patterns  of  as-received 
nanocrystalline  nickels.  For  comparison  purposes,  Fig. 

2  shows  a  X-ray  diffraction  pattern  for  a  full  annealed 
pure  nanocrystalline  nickel  which  illustrates  a  sharp 
peak  with  56  pm  grain  size  and  a  random  grain 
orientation. 

When  comparing  the  intensities  of  these  nickels,  it 
can  be  concluded  that  there  are  some  preferred  <  1 1 1  > 
and  <100)  textures  in  the  Ni-OC  sample.  Further  study 
with  X-ray  pole  figure  and  phi-scan  showed  that  Ni-OC 
had  weak  <100)  and  <111)  preferred  out  of  plane 
orientation.  From  room  temperature  to  300°C,  very 
slight  changes  in  texture  intensities  were  observed.  At 
800°C,  no  texture  was  found  in  Ni-OC.  There  was  not 
any  texture  in  Ni-500C  and  Ni-lOOOC  materials.  Fig. 

3  illustrates  a  (111)  pole  figure  for  Ni-OC  material. 
Comparison  of  Figs.  1  and  2  indicates  that  the  peaks 

of  as-received  nanocrystalline  nickel  have  broaden  sig¬ 


nificantly.  Grain  sizes  smaller  than  100  nm  were  de¬ 
cided  from  calculation  based  on  the  peak  width.  Grain 
sizes  larger  than  100  nm  were  measured  from  SEM 
photographs  using  SigmaScan  Pro  4  Image  Analysis 
Software.  The  measurements  are  based  on  the  diameter 
measurement  of  grains.  The  grain  size  is  a  mean  value 
of  at  least  twenty  measurements.  Table  1  summarizes 
grain  sizes  for  the  nanocrystalline  materials  used  in  this 
study.  A  typical  TEM  micrograph  of  the  as-received 
Ni-OC  is  presented  in  the  Fig.  4.  Measurement  of  the 
grain  size  of  Ni-OC  by  using  TEM  micrograph  shows 
the  size  of  grain  is  —  18.5  nm.  This  is  very  close  to  that 
determined  by  XRD  (19  nm). 

To  improve  the  thermal  stability  of  nanocrystalline 
materials,  the  traditional  approach  of  grain  boundary 
pinning  by  solute  additions  and  second  phase  precipi¬ 
tates  is  being  commonly  used.  Several  studies  of  the 
effect  of  solute  additions  and  second  phase  precipitates 
on  grain  growth  have  been  reported  (11-14],  At  this 
study,  carbon  was  used  as  a  solute  addition.  According 
to  Ni-C  binary  phase  diagram  [15],  the  equilibrium 
solid  solubility  of  carbon  in  nickel  is  negligible  up  to 
800°C.  Because  the  electrodeposition  process  was  con¬ 
ducted  at  room  temperature  and  nickel  is  not  a  carbide 
forming  element,  carbide  would  not  form  in  Ni-500C 
and  Ni-lOOOC  during  the  processing.  Under  equi¬ 
librium  conditions,  carbon  would  preferentially  segre¬ 
gate  along  grain  boundaries.  A  simple  calculation 
suggests  that  if  all  the  carbon  were  to  segregate  along 
grain  boundaries,  ~  0.33  wt.%  of  carbon  would  be 
required  to  cover  the  whole  grain  boundary  area  with  a 
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monolayer  of  carbon  atoms.  Because  the  amount  of 
carbon  doped  in  nickel  is  only  500-1000  ppm  (0.05-0.1 
wt.%),  the  grain  boundary  carbon  segregation  would  be 
less  than  a  monolayer  in  extent. 

Fig.  5  presents  the  grain  growth  rate  for  all  three 
nanocrystalline  nickels.  The  critical  temperatures,  for 
rapid  grain  growth,  at  which  the  materials  become 
unstable  are  ~200°C.  Under  200°C,  grain  growth  is 
very  slow  and  Ni-OC  is  almost  a  stable  material. 
However,  Ni-lOOOC  shows  the  best  stability  among  the 
materials  tested  above  300°C.  This  indicates  that  trace 
doped  carbon  can  enhance  the  thermal  stability  of 
nanocrystalline  nickel  at  higher  temperatures.  Fig.  6 
gives  SEM  micrographs  of  nanocrystalline  nickels  an¬ 
nealed  at  300°C  for  1  h.  It  appears  that  the  grain  size  is 
more  uniform  for  Ni-lOOOC  material  after  annealed  at 
300°C,  Fig.  6(c). 

When  the  Ni-OC  samples  were  annealed  at  500°C  for 
1  h,  a  significant  abnormal  grain  growth  in  some  local 
areas  was  observed.  Abnormal  grains  appeared  as 
shown  in  Fig.  7  and  their  grain  sizes  are  ranged  from  12 
to  50  pm  compared  with  that  of  normal  grains  in  the 
matrix  having  values  0.2-2  pm.  The  occurrence  of 


Fig.  7.  SEM  micrographs  of  Ni-OC  annealed  at  500°C  for  1  h.  (a)  An 
over  view,  and  (b)  a  view  of  small  grain  area  in  (a)  at  a  higher 
magnification. 


abnormal  grain  growth  in  metals  and  alloys  are  gener¬ 
ally  related  to  the  presence  of  restraining  forces  against 
grain  growth  [16].  Typical  restraining  forces  are  second 
phase  particles,  free  surface  and  crystallographic  tex¬ 
ture.  In  the  present  study,  the  main  reason  for  the 
abnormal  grain  growth  would  be  associated  to  the 
presence  of  weak  textures.  The  mechanism  of  abnormal 
grain  growth  in  Ni-OC  would  be  related  to  coalescence 
of  some  closely  oriented  grains.  Normally,  neighboring 
grains  that  have  very  similar  crystal  orientation  tend  to 
coalesce  during  the  grain  growth  process.  On  the  other 
hand,  when  abnormal  grains  of  significantly  different 
crystal  orientations  meet  each  other,  coalescence  is  no 
longer  easy  [17].  Fig.  8  shows  three  cubic  grains  have 
inlaid  together  with  a  close  <111)  orientation  and  have 
grown  together. 

3.2.  Mechanical  testing 

Fig.  9  shows  variations  of  ultimate  tensile  strength, 
yield  strength  and  elongation  versus  testing  temperature 
for  nanocrystalline  nickels.  In  the  testing  temperature 
range,  pure  nanocrystalline  nickel  exhibits  better  tensile 
properties  than  those  of  carbon  doped  nickels.  Higher 
carbon  contents  have  reduced  most  tensile  properties 
(Fig.  9(a,b)).  The  changes  of  ultimate  tensile  strength 
and  yield  strength  versus  temperature  are  similar  for 
pure  and  carbon  doped  nanocrystalline  nickels.  Both 
ultimate  tensile  strength  and  yield  strength  decrease 
with  increasing  testing  temperature.  However,  the 
strength  decreases  much  faster  with  increasing  testing 
temperature  for  Ni-OC.  The  strength  of  Ni-OC  is  even 
lower  than  those  of  carbon  doped  nickels  when  it  is 
tested  at  300°C. 

The  elongation  changes  versus  testing  temperature 
for  the  nanocrystalline  nickels  are  presented  in  Fig. 
9(c).  The  elongation  of  Ni-OC  increases  quickly  from 
room  temperature  to  200°C.  It  is  observed  when  testing 
temperatures  further  raise  to  300°C,  the  elongation  of 
Ni-OC  sharply  declines.  This  would  be  an  indication  of 
a  brittle  to  ductile  transition  at  200-300°C  in  Ni-OC 
material.  Although  the  elongation  for  carbon  doped 
nanocrystalline  nickels  are  lower  than  that  of  Ni-OC  in 
the  testing  temperature  range,  the  brittle  to  ductile 
transition  is  not  observed  for  the  carbon  doped 
nanocrystalline  nickels.  The  brittle  to  ductile  transition 
temperature  for  carbon  doped  nickels  might  be  en¬ 
hanced  to  a  higher  temperature  due  to  the  carbon 
addition.  However,  the  elongation  of  C500Ni  is  very 
close  to  that  of  Ni-OC  at  300°C.  This  observation 
suggests  that  the  addition  of  carbon  exerts  a  potential 
effect  to  enhance  the  thermal  stability  of  nanocrys¬ 
talline  nickel. 

A  Hall-Petch  plot  of  cr0  2  yield  strength  for  electrode- 
posited  nanocrystalline  nickels  from  this  study  and 
other  sources  [18,19]  is  displayed  in  Fig.  10.  Linear  fit 
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Fig.  8.  SEM  fractographs  of  Ni-OC  annealed  at  500°C.  (a)  A  cross-section  overview  of  fracture  surface,  (b)  a  high  magnification  view  of  some 
large  grains  in  (a)  and  (c)  a  high  magnification  view  of  a  some  small  grain  area  in  (a), 


with  the  least  squares  method  was  computed  for  all  the 
data  in  Fig.  10  and  the  line  shown  through  the  data 
represents  the  best  fit.  Then  the  Hall-Petch  constants 
were  calculated  to  have  the  following  values: 

er0  =  7.0  MPa;  k  —  5665  MPa  nm  3/2 

The  Hall-Petch  equation  is  presented  as  the  following: 

<ry  =  (T0  +  kd~ 1/2  =  7.0  +  5665 d~  1/2  (2) 

with  yield  strength  oY  measured  in  MPa  and  grain  size 
d  measured  in  nm.  It  is  clear  that  the  electrodeposited 
pure  nickel  obeyed  a  Hall-Petch  law  all  the  way  in 
grain  size  value  range  from  266  nm  to  19  nm.  Due  to 
rather  low  value  of  a0,  Eq.  (2)  predicts  that  very  low 
strength  will  be  expected  if  electrodeposited  pure  nickel 
sheets  would  have  relatively  large  grains.  Nieh  and 
Wadsworth  [20]  pointed  out  that  the  Hall-Petch  rela¬ 
tion  holds  in  materials  with  grain  sizes  over  a  critical 
vale.  When  the  grain  size  is  below  the  critical  value, 
hardness  may  decrease  with  decreasing  grain  size.  For 
grain  size  of  pure  nickel,  the  critical  value  has  been 
estimated  to  be  2.5  nm  [13].  Thus,  the  grain  sizes  of  the 
electrodeposited  pure  nickels  in  this  research  satisfy  the 
above  range  very  well  (Fig.  10). 

Fig.  11  shows  that  Ni-OC  sheet  exhibits  a  typical 


ductile  fracture  mode  when  tested  from  room  tempera¬ 
ture  to  200°C.  A  transgranular-tearing  mode  is  preva¬ 
lent  for  the  specimen  tested  at  room  temperature.  For 
Ni-OC  tested  at  100°C  and  200°C,  the  fracture  surface 
exhibits  more  ductile  fracture  features.  The  material 
separates  by  transgranular  microvoid  processes  or  dim¬ 
ple  mode  fracture  (Fig.  ll(b,c)).  When  Ni-OC  sheet  is 
tested  at  300°C,  a  mixed  fracture  mode  is  observed  with 
both  transgranular  ductile  fracture  and  transgranular 
brittle  fracture.  A  large  decrease  in  strength  and  ductil¬ 
ity  occurs  simultaneously  with  the  introduction  of  a 
transgranular  brittle  fracture  mode  at  this  testing  tem¬ 
perature  (Fig.  9  and  Fig.  11(d)). 

In  order  to  determine  the  effect  of  prior  annealing  on 
the  tensile  properties  at  room  temperature,  some  Ni- 
OC  specimens  were  first  annealed  at  100,  200,  and 
300°C.  Samples  annealed  at  or  below  200°C,  their 
failure  modes  are  still  ductile  fracture  mode  (Fig. 
12(a,b)).  When  the  samples  annealed  at  300°C,  the 
fracture  mode  becomes  a  brittle  fracture.  This  fracture 
feature  is  dominated  by  intergranular  fracture  with  a 
small  amount  of  transgranular  brittle  fracture  (Fig. 
12(c)).  Its  ultimate  strength  is  only  -400  MPa.  When 
the  Ni-OC  sample  is  annealed  at  500°C,  the  fracture 
mode  becomes  totally  intergranular  fracture.  Fig.  8 
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clearly  indicates  that  the  separation  is  from  the  grain 
boundary  in  both  big  and  small  grain  areas.  The  ulti¬ 
mate  strength  is  only  about  100  MPa  in  this  case.  When 
the  Ni-OC  is  further  annealed  at  800°C,  the  ultimate 
strength  is  just  reduced  to  a  few  tens  MPa.  This  indi¬ 
cates  that  when  Ni-OC  material  is  annealed  at  or  above 
300°C,  brittlization  occurs  and  it  could  be  mainly  asso¬ 
ciated  to  the  grain  boundary  weakening  due  to  the 
grain  growth.  Meanwhile,  when  the  samples  are  an¬ 
nealed  at  higher  temperatures  (above  500°C),  the  weak¬ 
ness  could  be  associated  to  the  abnormal  grain  growth. 
Although  grain  growth  will  reduce  the  strength,  it 
seems  that  the  loss  of  strength  would  be  mainly  related 


0  50  100  150  200  250  300  350 
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Fig.  9.  Mechanical  properties  as  a  function  of  testing  temperatures 
for  the  nanocrystalline  nickels,  (a)  Ultimate  strength,  (b)  yield 
strength  and  (c)  elongation. 


Fig.  10.  Hall-Petch  plot  of  yield  strength  for  nanocrystalline  nickel 
and  normal  grain  size  nickel. 


to  the  grain  boundary  weakening  effect  in  the  materials 
examined.  However,  further  investigation  on  the  grain 
boundary  characterizations  is  required  for  more  definite 
conclusions. 


4.  Conclusions 

(1)  Grain  growth  was  observed  in  pure  and  carbon 
doped  nanocrystalline  nickels.  From  room  temperature 
to  200°C,  the  grains  grow  very  slowly  and  the  grain  size 
is  still  under  100  nm.  At  300°C,  nanocrystalline  nickels 
experienced  a  fast  grain  growth.  The  rate  is  higher  for 
Ni-OC 

(2)  Annealed  at  500°C,  Ni-OC  exhibited  an  abnor¬ 
mal  grain  growth. 

(3)  The  tensile  properties  of  carbon  doped  nanocrys¬ 
talline  nickel  reduced  with  the  addition  of  carbon  from 
500  to  1000  ppm.  The  more  carbon  doped,  the  lower 
the  tensile  properties. 

(4)  Above  300°C,  Ni-500C  exhibited  a  higher 
strength  than  that  of  Ni-OC.  The  addition  of  carbon 
exerted  a  potential  effect  to  enhance  the  thermal  stabil¬ 
ity  of  nanocrystalline  nickel  at  intermediate 
temperature. 

(5)  Nanocrystalline  nickels  exhibited  a  conventional 
Hall-Petch  relationship. 
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Fig.  12.  SEM  fractographs  of  Ni-OC  annealed  at  different  temperatures  and  then  tested  at  room  temperature,  (a)  Annealed  at  100°C  (b)  annealed 
at  20CTC,  and  (c)  annealed  at  300°C. 
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Abstract 

The  uniaxial  tensile  creep  behavior  of  porosity-free  nanocrystalline  nickel  with  30  nm  grains  produced  by  an  electrodeposition 
processing  has  been  investigated  under  constant  and  step-load  conditions  at  room  temperature  and  373  K  in  a  load  range 
500-1050  MPa.  The  experimental  results  showed  that  significant  creep  deformation  occurred  even  at  room  temperature  at  an 
initial  applied  stress  of  600  MPa  or  higher.  The  creep  resistance  was  very  sensitive  to  test  temperature.  The  grain  size  and 
micro  structure  of  the  as  received  and  post-creep  specimens  have  been  characterized  by  conventional  TEM  techniques.  An  attempt 
has  been  made  to  explain  the  deformation  behavior  and  creep  mechanisms  based  on  current  findings.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords :  Nanocrystalline  material;  Nickel;  Creep;  Mechanical  properties 


1.  Introduction 

Nanocrystalline  materials  exhibit  unique  mechanical, 
chemical,  electronic  as  well  as  magnetic  properties  [1- 
4].  As  a  result,  considerable  interest  concerning  these 
materials  has  been  shown  among  scientists  and  engi¬ 
neers  in  recent  years.  Nevertheless,  the  majority  of  the 
research  work  on  nanocrystalline  materials  has  been 
limited  to  simple  measurements  such  as  hardness  tests 
and  compression  tests  due  to  the  unavailability  of  large- 
scale  fully-dense  bulk  nanocrystalline  materials.  Creep 
behavior  of  some  nanocrystalline  metals  and  alloys 
produced  by  different  processing  techniques  [5-7]  have 
been  investigated  in  the  past.  The  steady  state  creep 
rate  of  nano-copper  with  a  grain  size  of  30  nm  is 
linearly  proportional  to  the  effective  stress  [5].  The 
activation  energy  for  creep  which  was  obtained  from 
the  plot  of  the  threshold  stress  versus  XjT  was  found  to 
be  0.72  eV.  This  value  0.72  eV  is  similar  to  that  of  the 
grain  boundary  diffusion  in  a  coarse-grained  nickel, 
1.08  eV  [8],  but  deviates  from  that  of  the  lattice  diffu¬ 
sion,  2.0  eV.  The  preliminary  studies  suggest  that  grain 
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boundary  diffusion  creep  is  dominant  in  a  nanocrys¬ 
talline  Ni-P  alloy  (28  nm)  [6]  and  Y-SZP  ceramics  (40 
nm)  [7],  whereas  the  power  law  mechanism  controls 
creep  in  an  Al-Mg  alloy  of  submicrometer  grain  size 

[9]* 

Nano-nickel  is  one  of  the  nanocrystalline  metals  that 
have  been  subjected  to  extensive  scientific  investigations 
in  the  areas  of  grain  growth  kinetics  [10,11]  and  me¬ 
chanical  behavior  [12,13].  In  nanocrystalline  nickel,  the 
grain  size  effect  on  yield  strength  was  interpreted  in 
terms  of  the  Hall-Petch  (H-P)  relation  down  to  a 
grain  size  of  10  nm  [12,13],  whereas  a  negative  H-P 
slope  was  observed  below  a  grain  size  of  10  nm  [12].  It 
was  suggested  that  dynamic  creep  might  be  responsible 
for  the  observed  deviation  from  the  H-P  relation  in  the 
absence  of  strain  hardening.  Such  results  of  short-term 
creep  tests  in  nanocrystalline  nickel  suggest  an  impor¬ 
tant  role  of  grain  boundary  sliding  and  diffusion  in  the 
primary  creep  [12].  It  is  also  important  to  understand 
the  steady  stage  creep  and  its  mechanism  at/near  room 
temperature  in  this  material.  In  this  paper,  we  will 
report  the  experimental  results  on  creep  behavior  of  this 
material  at  room  temperature  and  373  K.  A  brief 
discussion  has  been  made  regarding  the  deformation 
mechanisms  of  nanocrystalline  nickel. 


0921-5093/01/$  -  see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0921 -  5093(00)01  385-X 


W.M.  Yin  et  al.  { Materials  Science  and  Engineering  A301  (2001)  18-22 


19 


2.  Experimental  procedure 

The  sheets  of  pure  nanocrystalline  nickel  were  pre¬ 
pared  by  pulse  electrodeposition  technique  [14]  by  Inte- 
gran  Technologies  Inc.,  Toronto,  Canada.  The  material 
had  a  nominal  thickness  of  0.3  mm  and  was  fully  dense 
with  a  narrow  grain  size  range.  Tensile  and  creep 
specimens  with  15-mm  gauge  length  and  3  mm  gauge 
width  were  cut  by  an  electron-discharge  machine 
(EDM).  The  tensile  tests  were  carried  out  on  an  MTS- 
810  Material  test  system  under  stroke  control  condition 
at  the  initial  strain  rates  of  4  x  10 ~5  and  8  x  10 “4  s”1. 
A  high  sensitivity  extensometer  was  attached  to  the 
gauge  section  of  the  specimens  to  measure  displace¬ 
ment.  Both  load  and  displacement  signals  were  digitized 
by  195  A  Keithley  digital  multimeters  and  recorded 
using  an  IBM  PC  with  an  IEEE-480  board. 

The  uniaxial  creep  tests  were  performed  at  room 
temperature  and  373  K  in  the  load  range  of  500-1050 
MPa  using  a  Satec  M3  creep  machine.  The  step-load 
method  was  employed  to  exploit  creep  strain  rate 
change  and  instantaneous  behavior  during  loading  and 
unloading.  TEM  foils  were  cut  by  EDM  from  the  as 
received  sheets  as  well  as  from  the  deformed  specimens. 
The  final  polishing  was  prepared  by  double-jet  electro¬ 
polishing  in  a  solution  of  25%  HN03  and  75%  CH3OH 
at  220  K  and  30  V.  The  X-ray  line  broadening  tech¬ 
nique  was  used  to  determine  the  average  grain  size. 
TEM  bright  and  dark  field  images  have  been  employed 
to  characterize  the  microstructure  of  as  received  mate¬ 
rial  and  post-creep  samples. 


3.  Results 


3.1.  Tensile  tests 

The  room  temperature  tensile  tests  showed  a  sharp 
increase  in  strength  of  nanocrystalline  nickel  as  com¬ 
pared  with  that  of  polycrystalline  nickel  of  30  pm  grain 
size,  as  shown  in  Fig.  la.  The  0.2%  offset  engineering 
strength  increased  from  300  Mpa,  in  polycrystalline 
nickel,  to  1.0  GPa  in  its  nanocrystalline  counterpart. 
The  ultimate  strength  was  1.5  GPa  in  nanocrystalline 
nickel.  On  the  other  hand,  a  significant  reduction  in 
ductility  from  that  of  polycrystalline  nickel  is  seen,  i.e. 
the  elongation  at  a  strain  rate  of  4x  10“ 5  s'1  was  as 
low  as  4%  in  nanocrystalline  nickel.  In  addition,  the 
tensile  strength  is  sensitive  to  strain  rate  (Fig.  la).  The 
higher  the  strain  rate  is,  the  higher  the  yield  strength 
becomes.  The  testing  temperature  can  significantly  infl¬ 
uence  tensile  behavior  even  within  ambient  temperature 
range.  The  yield  strength  at  373  K  dropped  by  25% 
compared  with  that  at  room  temperature  (Fig.  lb). 


o  5  Strain,  %  iq  15 


Fig.  1.  Tensile  behavior  at  room  temperature  and  373  K,  (a)  strain 
rate  dependence,  (b)  temperature  dependence. 


3.2.  Creep  behavior 

After  prolonged  primary  creep,  the  creep  rate  at  600 
MPa  decreased  to  9  x  10“ 10  s“*  at  minimum,  which  is 
near  the  measurable  limit.  It  is  important  to  note  that 
the  primary  creep  lasted  more  than  200  h  at  600  and 
700  MPa,  but  it  decreased  to  130  h  at  900  MPa  (Fig.  2). 
Although  the  applied  stress  was  close  to  the  yield 
strength,  the  creep  rate  was  very  small  in  nanocrys¬ 
talline  nickel  at  room  temperature.  Therefore,  the  creep 
tests  at  room  temperature  were  interrupted  at  low  loads 
or  adjusted  to  higher  loads  when  the  minimum  strain 
rate  was  achieved.  After  the  load  was  decreased  from 
1050  to  800  MPa,  a  prolonged  incubation  period  more 
than  60  h  was  observed,  as  shown  in  Fig.  3. 
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Fig.  2.  Primary  creep  of  nanocrystalline  nickel  at  room  temperature. 
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Fig.  3.  Tensile  creep  curves  of  nanocrystalline  nickel,  (a)  700  MPa,  (b) 
Step-load. 

Nanocrystalline  nickel  exhibited  an  accelerated  creep 
deformation  at  373  K  where  the  creep  rate  at  700  MPa 
reached  a  minimum  value  8.8  x  10“8  s“\  which  is 
about  two  order  of  magnitude  larger  than  that  (1.1  x 
10“ 9  s“l)  at  room  temperature.  The  decrement  load 
test  from  600  to  500  MPa  did  not  show  any  evidence  of 
such  an  incubation  phenomenon. 

3.3.  Microstructure 

The  TEM  observation  shows  that  the  as  received 
material  has  equaxed  grains  with  an  average  size  of 
about  30  nm  (Fig.  4).  The  grain  size  that  was  deter¬ 
mined  by  TEM  was  consistent  with  the  results  obtained 
by  an  X-ray  line  broadening  method.  The  specimens 
from  the  room  temperature  creep  tests  were  investi¬ 
gated  by  TEM  and  did  not  show  any  grain  growth.  On 
the  other  hand,  the  post-creep  specimens  that  had  been 
tested  at  373  K  show  a  slight  increase  in  grain  size, 
observed  by  TEM. 


4.  Discussion 

4.1.  Tensile  deformation 

The  tensile  stress-strain  curves  for  nanocrystalline 
nickel  did  not  show  any  linear  elastic  region.  Neverthe¬ 
less,  at  a  strain  rate  of8xl0“4s~1,  a  slope  of  150 
GPa  was  obtained  from  the  tensile  curve  at  room 


temperature  in  the  stress  range  200-800  MPa,  which  is 
somewhat  lower  than  the  Young’s  modulus  of  polycrys¬ 
talline  nickel  200  GPa.  The  strain-stress  curve  obtained 
at  a  strain  rate  of  4  x  10“ 5  s"1  yielded  a  lower  value 
than  that  at  a  strain  rate  of  8x  10“4  s"1.  This  indi¬ 
cates  that  the  deformation  is  sensitive  to  the  strain  rate, 
which  implies  the  existence  of  time-dependent  deforma¬ 
tion.  Furthermore,  with  increasing  temperature,  the 
strain  rate  dependence  becomes  more  pronounced. 

A  nanocrystalline  material  may  be  regarded  as  a 
composite  consisting  of  crystalline  components  and  in¬ 
tercrystalline  components.  The  portion  of  the  intercrys¬ 
talline  components  in  polycrystalline  materials  is  so 
small  that  its  effect  on  deformation  at  ambient  temper¬ 
ature  is  negligible  whereas  in  nanocrystalline  materials, 
not  only  do  grain  boundaries  play  an  important  role, 
but  also  triple  lines  and  quadruple  nodes  might  be 
contributing  significantly  to  deformation.  Therefore, 
the  strain  in  this  material  may  be  expressed  as: 

£  £el  ^dg  ~b  ^gs  (!) 

The  term  is  elastic  deformation  of  crystalline 
components,  equaling  cr/E,  where  E  is  Young’s  mod¬ 
ulus.  The  terms  £dg  and  egs  are  strain  from  dislocation 
glide,  and  strain  from  grain  boundary  sliding.  From  the 
conventional  dislocation  theory,  the  approximate  criti¬ 
cal  repulsive  force  of  a  single  dislocation  against  a  grain 
boundary  obstacle  in  a  grain  size  dQ  can  be  calculated  as 
follow  [16]: 

G  b 

=  “71 - IT  (2) 

7r(l  -  v)d0 

In  this  formula,  <rc  is  critical  stress  for  moving  single 
straight  dislocation,  d0  grain  size,  b  Burger  vector,  G 
and  v  are  the  shear  modulus  and  Poission’s  ratio.  This 
means  that  dislocations  can  move  only  when  the  ap- 


Fig.  4.  Microstructure  of  as  received  nanocrystalline  nickel. 
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plied  stress  exceeds  the  critical  repulsive  force  for  a 
given  grain  size  dQ.  Given  the  ultrafine  grain  size  dQ  =  30 
nm,  G  =  16  GPa,  v  =  0.3  and  b  =  0.25  nm,  the  critical 
stress  <xc  =  300  MPa  was  obtained  from  the  above  Eq. 
(2).  When  an  array  of  dislocations  in  a  grain  is  sub¬ 
jected  by  an  applied  stress  (cra),  the  lead  dislocation 
near  the  grain  boundary  will  be  subjected  to  a  stress 
given  by  an  expression  [17]: 

Tb  =,?,  2n(\  -  v)(l- lj)  (3) 

In  this  formula,  /,  (/,)  is  the  distance  from  dislocation 
i  ( j )  to  the  obstacle.  The  solution  showed  that  the 
stress  acting  (back  stress)  on  the  lead  dislocation  near 
the  grain  boundary  with  n  parallel  dislocations  was 
found  to  be  approximately  450  MPa  for  n  =  2,  825 
MPa  for  n  =  3  and  1250  MPa  for  n  =  4,  respectively. 
The  stress  for  four  dislocations  is  higher  than  the  yield 
stress,  1.0  GPa  and  therefore,  any  significant  pile-up  of 
dislocations  is  practically  excluded  in  most  grains  ex¬ 
cept  much  larger  grains.  It  is  also  true  that  the  grain 
size  distribution  exists  in  this  material,  and  therefore 
the  average  grain  size  can  not  be  used  for  dislocation 
pile-up  calculations.  In  larger  grains,  a  dislocation  pile- 
up  may  occur  at  a  much  lower  stress  level  whereas 
dislocation  nucleation  may  not  occur  in  sufficiently 
smaller  grains.  If  this  is  the  case,  a  new  question  arises 
as  to  the  source  of  plastic  deformation  beyond  yield 
stress.  The  idea  is  that  the  grain  boundary  migration  is 
a  competing  mechanism  against  dislocation  mechanism. 
The  grain  boundary  migration  may  be  carried  out  by  a 
few  plausible  mechanisms.  First,  in  the  absence  of 
lattice  dislocation  activity,  the  activity  of  grain 
boundary  dislocations  would  be  a  logical  subject  to 
investigate  relative  to  the  other  deformation  mecha¬ 
nisms  in  nanocrystalline  nickel.  By  comparing  the  stress 
unlocking  the  Frank -Read  source  ~Gbj2l  and  the 
plasticity  yield  stress  ~  Kl]f2  [18],  the  critical  grain  size 
for  generation  of  grain  boundary  dislocations  was  esti¬ 
mated  to  be  several  nanometers.  The  stress-induced  and 
original  grain  boundary  dislocations  might  be  expected 
to  travel  along  the  interface  without  penetrating  the 
nanocrystalline  volumes.  For  the  coincidence  site  lattice 
model,  the  Burgers  vectors  of  secondary  grain 
boundary  dislocations  are  only  a  fraction  of  those  of 
lattice  dislocations.  This  means  that  the  critical  stress 
for  the  migration  of  secondary  grain  boundary  disloca¬ 
tions  is  much  lower  than  that  for  the  migration  of 
lattice  dislocations.  Therefore,  grain  boundary  disloca¬ 
tions  could  be  active  in  nanocrystalline  nickel  and 
contribute  to  plastic  deformation.  It  is  not  easy  to 
identify  dislocations  in  nano-grains  since  many  defor¬ 
mation  dislocations  of  high  energy  may  be  removed 
during  preparation  of  thin  TEM  specimens.  Second, 
when  the  grain  boundary  structure  is  disordered  and  its 
viscosity  lies  below  a  critical  value  where  the  viscous 


100  1000  100C0 


Fig.  5.  Minimum  strain  rate  dependent  on  stress. 

flow  can  occur  under  the  applied  stress,  the  viscous  flow 
may  be  realized.  The  viscous  flow  mode  may  require 
thermal  activation.  The  first  and  second  modes  may  be 
capable  of  deforming  material  under  static  deformation 
testing.  The  relationship  between  stress  and  strain  rate 
in  viscous  flow  obeys  <7  =  3 rje  [15],  and  viscosity  is 
sensitive  to  temperature  and  lesser  degree,  to  applied 
stress.  Third,  the  material  still  can  be  deformed  by  grain 
migration  mainly  caused  by  diffusion.  This  mechanism 
has  been  well  known  to  occur  in  polycrystalline  metals 
and  alloys  at  relatively  high  temperatures.  It  has  been 
suggested  that  there  is  no  hardening  effect  in  nanocrys¬ 
talline  materials  at  room  temperature  deformation 
[2,12].  This  indicates  that  the  dislocation  pile-ups  neces¬ 
sary  for  strain  hardening  may  be  absent  or  negligible  in 
this  material.  Consequently,  the  grain  boundary  migra¬ 
tion  is  the  main  mechanism  for  plastic  deformation  in 
such  a  material. 


4.2.  Creep  mechanism 

In  order  to  investigate  the  stress  dependence  of  creep 
deformation,  a  plot  of  strain  rate  versus  stress  was 
made  based  on  constant  load  and  step-load  tests  (Fig. 
5).  The  stress  exponent  in  Fig.  5  is  unity  for  room 
temperature  creep  while  it  is  6.5  for  creep  at  373  K.  The 
grains  were  stable  up  to  353  K  while  the  nucleation  and 
abnormal  grain  growth  may  take  place  at  393  K  [11].  In 
current  experiments,  no  evident  grain  growth  was 
found  up  to  373  K. 

The  creep  rate  of  diffusional  Nabarro- Herring  or 
Coble  creep  exhibits  linear  dependence  on  true  applied 
stress.  The  dislocation  creep  rate  is  practically  indepen¬ 
dent  of  grain  size,  while  the  diffusional  creep  rate  is 
inversely  proportional  to  the  second  power  of  mean 
grain  diameter  when  the  diffusion  mass  transport  oc¬ 
curs  via  the  lattice,  and  to  the  third  power  of  mean 
grain  diameter  when  it  occurs  through  grain 
boundaries. 
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At  low  homologous  temperatures  and  small  mean 
grain  diameters,  the  grain  boundary  diffusion  domi¬ 
nates  over  the  lattice  diffusion.  Consequently,  under 
these  conditions,  the  diffusional  creep  will  occur  by 
stress  directed  mass  transport  through  grain 
boundaries.  Assuming  spherical  grains,  Coble  derived 
the  following  equation  for  creep  rate  [19]: 


E 


148  f  Qb  ^ 

V^m^exp  UrJ 


(4) 


In  the  formula,  is  the  grain  boundary  diffusion 
coefficient,  Sh  the  effective  grain  boundary  width  and  Q 
is  the  atomic  volume.  Since  diffusion  coefficient  D M  in 
nanocrystalline  nickel  is  not  available,  the  data  for 
polycrystalline  nickel,  i.e.  ShDw  =  4  x  10 ~ 15  m3  s“l 
and  Qh  =  108  kJ  mol^1  [20]  were  used  here.  Given 
Q  —  8.0  x  10  ~ 3  nm3,  d=  30  nm, 


4xl03<7  f 
e== - - — expl 


1 2996  ^ 


(5) 


At  room  temperature  and  700  MPa,  the  calculated 
minimum  strain  rate  3.3  x  10_,°  s~l  is  of  the  same 
order  of  magnitude  as  the  experimental  value  11  x 
10 -i°  s-i  On  the  other  hand,  the  stress  exponent  of 
6.5  was  obtained  from  the  curves  of  minimum  strain 
rate  and  stress  at  373  K.  In  addition,  the  calculated 
strain  rate  based  on  Eq.  (4)  was  much  smaller  than  that 
of  the  experimental  value  at  373  K.  This  indicates  that 
the  creep  mechanism  may  no  longer  be  governed  by  the 
Coble  mechanism,  but  possibly  by  the  dislocation 
mechanism.  A  detailed  investigation  is  required  to  elu¬ 
cidate  the  mechanism. 


5.  Summary 

Fully-dense  nanocrystalline  nickel  exhibited  a  UTS 
as  high  as  1.5  GPa.  The  tensile  behavior  is  sensitive  to 
test  temperature  and  strain  rate,  probably  due  to  the 
sliding  of  intercrystalline  components.  Creep  deforma¬ 
tion  at  room  temperature  appears  to  be  dominated  by  a 
Coble  creep  mechanism,  in  which  enhanced  diffusion 
along  intercrystalline  components  including  grain 
boundaries,  triple  junctions  and  quadruple  nodes  con¬ 
trol  the  mass  transport  process.  The  calculated  creep 
rate  at  room  temperature,  based  on  the  Coble  creep 
mechanism,  is  in  agreement  with  the  experimental  re¬ 
sults.  Nevertheless,  the  creep  deformation  mechanism 


might  change  from  a  diffusion-controlled  process  at 
room  temperature  to  multiple  mechanisms  at  373  K. 
Above  ambient  temperature,  lattice  dislocation  gliding 
and  grain  boundary  sliding  may  play  an  important  role 
in  deformation,  though  a  dominant  mechanism  has  not 
yet  been  identified. 
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1.  Introduction 


Nanocrystalline  nickel  (nano-nickel)  exhibits  unique  deformation  behavior  at/near  ambient  tempera¬ 
tures,  which  include  high  tensile  strength,  limited  ductility  and  room  temperature  creep.  In  particular, 
the  creep  of  this  material  at/near  ambient  temperature  has  drawn  considerable  attention  among 
scientists.  The  origin  of  such  creep  appears  to  be  associated  with  grain  boundary  migration  and  sliding 
[1-4].  The  majority  of  creep  tests  have  been  carried  out  with  some  nanocrystalline  metals  and  alloys 
produced  by  electroplating  in  the  past  [5,6,7].  The  steady  state  creep  rate  of  nano-copper  with  a  grain 
size  of  30nm  is  linearly  proportional  to  the  effective  stress  [6].  The  activation  energy  for  creep  which 
was  obtained  from  the  plot  of  the  threshold  stress  vs.  1/T  was  found  to  be  0.72  eV.  This  value  0.72  eV 
is  similar  to  that  of  the  grain  boundary  diffusion  in  a  coarse-grained  copper,  1 .08  eV,  but  far  smaller 
than  that  of  the  lattice  diffusion,  2.0  eV  [8].  The  preliminary  studies  suggest  that  grain  boundary 
diffusion  creep  is  dominant  in  a  nanocrystalline  Ni-P  alloy  (28nm)  [9]  and  Y-SZP  ceramics(40nm)  [10], 
whereas  the  power  law  mechanism  controls  creep  in  an  Al-Mg  alloy  of  submicrometer  grain  size  [11]. 

Nano-nickel  has  been  subjected  to  extensive  scientific  investigations  in  the  areas  of  grain  growth 
kinetics  [12,13]  and  mechanical  behavior  [5,14].  In  nano-nickel,  the  grain  size  effect  on  yield  strength 
was  interpreted  in  terms  of  the  Hall-Petch  (H-P)  relation  down  to  a  grain  size  of  10  nm  [5,14],  whereas 
a  negative  H-P  slope  was  observed  below  a  grain  size  of  lOnm  [5].  It  was  suggested  that  dynamic  creep 
might  be  responsible  for  the  negative  H-P  curve  in  the  absence  of  strain  hardening.  Such  results  of 
short-term  creep  tests  for  nano-nickel  indicate  an  important  role  of  grain  boundary  sliding  and  diffusion 
in  the  primary  creep  [5]. 


2.  Experimental  Procedure 


The  sheets  of  pure  nano-nickel  and  nano-nickel  doped  with  700  wt  ppm  boron  (nano  Ni-700B)  were 
prepared  by  pulse  electrodeposition  technique  at  the  Integran  Technologies  Inc.  The  sheet  material  has 
full  density,  an  average  grain  size  of  30  nm  and  a  thickness  of  0.3  mm.  The  main  impurities,  carbon  and 
sulphur,  have  been  determined  to  be  500  ppm  and  300  ppm  respectivly.  Tensile  and  creep  specimens 
with  15  mm  gauge  length  and  3  mm  gauge  width  were  cut  by  an  electron-discharge  machine  (EDM). 
The  tensile  tests  were  carried  out  by  a  MTS-810  Material  Test  System  under  stroke  control  condition 
at  an  initial  strain  rate  of  4  X  10-5  s_l.  A  high  sensitivity  extensometer  was  attached  to  the  gauge 
section  of  the  specimens  to  measure  displacement.  Both  load  and  displacement  signals  were  digitized 
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Figure  L  Effect  of  Boron  on  tensile  behavior  of  nanocrystalline  Nickel. 


by  195 A  Keithley  digital  multimeters  and  recorded  using  a  Personal  computer  equipped  with  an 
IEEE-480  board. 

The  uniaxial  creep  tests  were  performed  at  room  temperature,  373K  and  473  K  in  the  load  range  of 
200-1000  MPa  using  a  Satec  M3  creep  machine.  The  step-load  method  was  employed  to  exploit  creep 
rate  change  and  instantaneous  deformation  behavior  during  loading  and  unloading.  TEM  foils  were  cut 
by  EDM  from  the  as-received  sheets  as  well  as  from  the  deformed  specimens.  The  final  polishing  was 
prepared  by  double-jet  electropolishing  in  a  solution  of  25%  HN03  and  75%  CH3OH  at  220K  and  30V. 
The  x-ray  line  broadening  technique  was  used  to  determine  the  average  grain  size. 


3.  Results 


3.1.  Tensile  Tests 


The  average  grain  size  determined  by  x-ray  line  broadening  technique  was  found  to  be  approx.  30  nm. 
The  results  of  tensile  tests  on  nano-nickel,  nano  Ni-700B  and  poly  crystalline  nickel  with  30  gm  grains 
are  compared  to  each  other  in  Fig.  1.  The  0.2%  offset  engineering  strength  for  nano-nickel  and  nano 
Ni-700B  is  as  high  as  1  GPa  while  that  of  polycrystalline  nickel  is  about  300  MPa  at  room  temperature. 
The  effect  of  boron  doping  on  yield  strength  is  negligible  at  this  temperature.  Nevertheless,  the  ductility 
in  both  nano-nickel  and  nano  Ni-700B  is  approx  2-4%  at  a  strain  rate  of  4  X  10_5/s.  The  trade-off  for 
the  high  strength  in  these  nano-materials  is  ductility  reduction.  The  tensile  strength  of  both  materials, 
however,  exhibits  a  divergence,  showing  sensitivity  to  temperature  as  shown  in  Fig.  1.  At  473K,  the 
0.2%  offset  strength  was  approx.  400  MPa  for  nano-nickel  and  approx.  600  MPa  for  nano  Ni-700B.  The 
deviation  between  the  two  tensile  curves  increases  with  increasing  strain  (Fig.  1).  It  also  shows  that  the 
elongation  of  nano  Ni-700B  decreased  at  473K  whereas  that  of  pure  nano-nickel  increased  at  the  same 
temperature.  For  nano-nickel,  the  initial  slope,  the  stress/strain  ratio  significantly  decreased  at  473  K, 
which  indicates  that  plastic  deformation  progress  further  at  this  temperature.  Nano  Ni-700B  was 
pre-heat  treated  at  473  K  for  5  h  before  tensile  testing.  The  test  results  show  some  interesting  contrast 
between  the  treated  and  untreated  alloys  shown  in  Fig.  2.  The  heat-treated  nano  Ni-700B  shows  higher 
stiffness  and  lower  elongation  than  the  untreated  nano  Ni-700B. 
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Strain,  % 

Figure  2.  Effect  of  annealing  on  tensile  behavior  of  nanocrystalline  Nickel  doped  with  Boron. 


3.2.  Creep  Behavior 


Creep  testing  on  nano  Ni-700B  was  conducted  at  room  temperature  and  373  K.  The  results  are  shown 
in  Fig.  3.  One  characteristic  feature  is  that  the  creep  rate  changes  drastically  from  room  temperature  to 
373  K.  The  prolonged  primary  creep  was  observed  at  373  K  and  600  MPa;  and  the  corresponding 
minimum  creep  rate  was  achieved  after  approx.  70  h.  The  minimum  creep  rate  at  room  temperature  was 
less  than  10-9  s~l.  It  is  important  to  note  that  the  creep  in  this  material  is  ultra-sensitive  to  temperature 
as  demonstrated  in  Fig.  3,  where  the  creep  rate  increased  by  many  orders  of  magnitude  as  the 
temperature  was  raised  only  by  100K.  To  understand  the  creep  mechanism  better,  the  creep  test  at  373 
K  was  interrupted  after  the  primary  creep  was  established.  The  load  was  removed  from  the  specimen 
for  a  while  so  that  the  specimen  recovered  from  elastic  and  anelastic  deformation.  Figure  4  shows  the 
recovery  process  in  the  boron-doped  nano-nickel  after  the  load  was  removed  at  373  K.  The  recovered 
elastic  strain  is  slightly  smaller  than  the  instantaneous  strain,  i.e.,  approx.  82%  of  the  instantaneous 
strain,  and  the  remaining,  approx.  18%,  was  recovered  by  an  anelastic  form.  The  anelastic  recovery  took 
place  over  a  period  of  20  h.  The  minimum  creep  rate  of  nano  Ni-700B  was  compared  with  that  of  pure 
nano-nickel  [7]  in  Fig.  5.  The  creep  rate  gap  between  the  two  materials  become  more  pronounced  with 
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Figure  4.  Anelastic  behavior  of  nanocrystalline  Nickel  doped  with  Boron. 


increasing  temperature.  In  specific,  the  strain  rates  for  both  materials  are  nearly  the  same  at  room 
temperature,  but  the  strain  rate  difference  between  two  materials  became  a  half  order  of  magnitude  at 
373K,  and  an  order  of  magnitude  at  473K.  The  stress  exponents  determined  from  the  curves  were  2.2 
at  RT,  5.5  at  373K  and  4.0  at  473K.  The  doping  of  a  small  amount  of  boron  to  pure  nickel  significantly 
reduces  creep  in  this  material. 


4.  Discussion 


4.1.  Tensile  Strength 

The  tensile  stress-strain  curves  for  nano-nickel  doesn’t  show  a  well  defined  linear  elastic  region,  but  an 
approx,  value  of  Young’s  modulus  150  GPa  was  obtained  from  the  initial  slope  in  Fig.  1,  which  is 
somewhat  lower  than  that  of  polycrystalline  nickel  200GPa.  This  indicates  that  the  lower  value  of 
nano-nickel  may  be  attributed  to  the  premature  grain  boundary  sliding.  The  fact  that  the  deformation 
is  sensitive  to  the  strain  rate  implies  the  existence  of  time-dependent  deformation.  Furthermore,  with 
increasing  temperature,  the  strain  rate  dependence  becomes  more  pronounced. 

A  nanocrystalline  material  with  a  large  volume  fraction  of  the  interfaces  may  be  regarded  as  a 
composite  consisting  of  crystalline  components  and  various  intercrystalline  components.  In  nanocrys- 


Figure  5.  Minimum  strain  rate  dependent  on  stress. 
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talline  materials,  the  intercrystalline  components  include  grain  boundaries,  triple  lines  and  quadruple 
nodes.  Therefore,  the  total  strain  in  this  material  may  be  expressed  as: 

€t  —  ^el  ^dg  ^gs  (0 

The  term  ed  is  elastic  deformation  of  crystalline  components;  and  edg  and  €gs  are  strains  resulting  from 
dislocation  glide,  and  grain  boundary  sliding,  respectively.  To  complete  fonn  of  Eq.  1,  each  term  of 
equation  (1)  must  be  defined  with  respect  to  temperature  and  grain  size.  The  grain  boundary  migration 
is  caused  by  grain  boundary  diffusion  and  sliding. 

It  has  been  suggested  that  there  is  no  hardening  effect  in  nanocrystalline  materials  at  room 
temperature  deformation  [2,5].  This  indicates  that  the  dislocation  pile-ups  necessary  for  strain  hardening 
may  be  absent  or  negligible  in  this  material.  Consequently,  the  grain  boundary  migration  is  the  main 
mechanism  for  plastic  deformation  in  such  a  material.  Comparied  with  impurities  in  nano-Ni,  the 
boron-doped  alloy  showed  a  substantial  strengthening  with  boron.  Both  materials  exhibited  randomly 
orientated  grains  with  30  nm  dia.  Therefore,  the  strengthening  effect  in  nano  Ni-B  should  be  attributed 
to  the  grain  boundary  strengthening  by  boron.  The  role  of  boron  in  grain  boundary  sliding  appears  to 
be  significant  from  current  experiments.  It  is  a  known  fact  that  boron  and  nickel  forms  a  strong  bond 
in  grain  boundaries,  e.g.,  in  Ni3Al  [15].  One  of  the  plausible  explanations  is  that  such  strong  bond  would 
provide  resistance  against  grain  boundary  sliding. 

4.2.  Creep  Mechanism 

It  is  interesting  to  investigate  the  origin  of  strain  rate  sensitivity  since  it  may  be  related  to  a  unique 
deformation  mechanism  such  as  migration  and  sliding  of  the  intercrystalline  components.  In  order  to 
understand  the  stress  dependence  of  creep  deformation,  the  strain  rate  was  plotted  against  stress  from 
the  constant  load  and  step  load  tests  (Fig.  5).  The  Norton  stress  exponent  in  Fig.  5  is  2.2  for  room 
temperature  creep  while  it  is  5.5  for  creep  at  373K.  In  current  experiments,  no  evident  grain  growth  was 
found  up  to  373K. 

The  creep  rate  of  diffiisional  Nabarro-Herring  or  Coble  creep  exhibits  a  linear  dependence  on  true 
applied  stress.  In  a  material  with  small  grain  sizes,  the  grain  boundary  diffusion  dominates  over  the 
lattice  diffusion.  Consequently,  under  these  conditions,  the  diffusional  creep  will  occur  by  stress 
directed  mass  transport  through  grain  boundaries.  Assuming  spherical  grains,  Coble  derived  the 
following  equation  for  creep  rate  [16]: 


148DM5ban  /  Qb\ 
t r  d3kT  6Xp\  RT/ 


(2) 


where  Db  is  grain  boundary  diffusion  coefficient,  Sb  is  effective  grain  boundary  width  and  fl  is  atomic 
volume.  Since  diffusion  coefficient  Di0  in  nanocrystalline  nickel  is  not  available,  the  data  for  poly¬ 
crystalline  nickel,  i.e.,  =  4  X  10-!5m3/s  and  Q*  =  108kJ/mol  [17]  were  used  here.  At  room 

temperature  and  600MPa,  the  calculated  minimum  strain  rate  2.8  X  10”lo/s  is  of  the  same  order  of 
magnitude  as  the  experimental  value  7.5  X  10-lo/s.  On  the  other  hand,  the  stress  exponent  of  2.2  was 
obtained  from  the  curves  of  minimum  strain  rate  and  stress  at  273K.  This  indicates  that  the  creep 
mechanism  may  no  longer  be  governed  only  by  the  Coble  mechanism,  but  possibly  influenced  by  the 
dislocation  mechanism. 
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Abstract 

The  fracture  resistance  curves  of  nanocrystalline  nickel  and  carbon  doped  nanocrystalline  nickel  for  different  annealing 
temperatures  have  been  generated  and  studied.  The  results  indicate  that  crack  growth  resistance  of  pure  nanocrystalline  nickel  is 
very  sensitive  to  annealing  temperatures.  The  crack  growth  resistance  decreased  with  increasing  annealing  temperature  for  the 
nanocrystalline  nickel.  Carbon  doping  greatly  reduces  crack  growth  resistance  of  nanocrystalline  nickel.  However,  the  crack 
growth  resistance  of  carbon-doped  nanocrystalline  shows  improvement  through  annealing  processing.  A  cluster  model  was  used 
to  explain  the  crack  growth  resistance  behavior  of  nanocrystalline  nickel.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Nanocrystalline  materials;  Nickel;  Fracture  toughness;  R-curve;  Crack  growth 


1.  Introduction 

Nanocrystalline  materials  have  been  studied  for  their 
attractive  properties  for  more  than  a  decade.  Gleiter  [1] 
and  Suryanarayana  and  Koch  [2]  reviewed  and  pro¬ 
vided  a  comprehensive  analysis  for  these  materials. 
Cheung  [3]  also  addressed  their  application.  What  dif¬ 
ferentiates  these  materials  from  their  counterpart  con¬ 
ventional  is  their  grain  structure.  This  difference  in 
grain  structure  significantly  alters  some  of  the  proper¬ 
ties.  As  a  result,  many  potential  applications  have 
emerged  in  areas  such  as  magnetic,  structural,  catalysis, 
wear  and  corrosion  materials.  Meanwhile  the  process¬ 
ing  methods  and  scale-up  production  technologies  have 
also  been  developed  for  these  materials.  The  most 
common  preparation  techniques  for  nanocrystalline 
metals  and  alloys  are  inert  gas  condensation  (ICG),  ball 
milling  (BM)  and  pulsed  electrodeposition  (PED). 
Higher  cost  of  production,  ICG,  and  introduction  of 
impurities  and  large  elastic  lattice  distortions,  BM, 
associated  with  some  of  these  techniques,  has  left  PED 
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as  an  attractive  bulk  production  method  for  these 
materials. 

The  process,  PED,  has  yielded  a  number  of 
nanocrystalline  pure  nickel  and  nickel  alloys  [4]. 
Nanocrystalline  materials  processed  by  PED  show  con¬ 
trolled  grain  sizes  between  10  and  100  nm.  These 
materials  are  of  high  density  and  porosity-free.  The 
strength  of  nanocrystalline  electrodeposited  Ni  and  Ni— 
P  sheets  far  exceeds  those  of  conventional  Ni  alloys 
with  large  grains  and  can  be  produced  in  thickness  up 
to  600  pm  with  grain  sizes  between  10  andlOO  nm  [5,6]. 
These  materials  exhibit  excellent  mechanical  properties 
and  great  potential  for  structural  applications  [7,8]. 

The  development  of  nanostructured  materials  is  now 
raising  the  question  of  how  the  different  properties 
change  as  the  microstructural  scale  is  reduced  to 
nanometer  dimensions.  Traditionally  the  mechanical 
strength  a  of  crystalline  materials  is  believed  to  be 
largely  controlled  by  the  grain  size,  often  in  manner 
described  by  the  Hall-Petch  relationship  a  -  kd  “ 1/2  + 
a0  Although  there  are  a  lot  of  observations  that  follow 
the  Hall-Petch  relationship,  observations  by  Erb  and 
his  co-workers  [8]  on  the  relationship  of  micro-hardness 
and  grain  sizes  in  the  nanometer  range  pointed  out  that 
the  Hall-Petch  relationship  may  not  be  valid  for 


0921-5093/01/$  -  see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S092  1  -  5093(01)0121  3-8 


22 


R.A.  Mirshams  el  at.  /  Materials  Science  and  Engineering  A315  (2001)  21-27 


nanocrystalline  metals.  As  the  structural  scale  reduces 
to  the  nanometer  range,  the  limits  to  conventional 
descriptions  of  yielding  need  to  be  established,  and  new 
mechanisms  that  may  come  into  play  at  these  very 
small  dimensions  need  to  be  explored  and  studied. 

Detailed  works  on  the  characterization  of  nanocrys¬ 
talline  material  are  required  to  realize  their  full  poten¬ 
tial.  In  particular,  fracture  toughness  and  creep 
resistance  of  these  materials  are  of  main  concerns  for 
long-term  structural  applications.  Currently,  the  frac¬ 
ture  mechanics  theory  in  most  micron  grain  size  metals 
has  established  a  solid  foundation  for  reliable  analysis 
of  fracture  toughness  testing  and  has  helped  to  under¬ 
stand  the  fracture  mechanism  in  polycrystalline  materi¬ 
als.  However,  studies  of  fracture  toughness  on 
nanocrytalline  materials  are  very  limited  to  date. 

Previously,  the  mechanical  properties  of  thin  sheet 
nanocrystalline  pure  Ni,  and  carbon  doped  nanocrys¬ 
talline  nickel  with  different  amount  of  carbon  concen¬ 
tration  from  500  to  1000  ppm  at  intermediate 
temperatures  were  reported  at  [9].  The  purpose  of  this 
paper  is  to  examine  the  fracture  and  fracture  toughness 
and  fracture  resistance  of  these  materials  with  different 
concentration  of  carbon  and  at  different  annealing 
temperatures. 


The  grain  size  was  determined  from  the  calculation 
based  on  the  broadening  of  the  X-ray  diffraction  peaks. 
The  lowest  angle  peak  (111)  was  chosen  for  calculation. 
The  X-ray  measurements  were  conducted  on  a  Philips 
Norelco  2-axis  diffractometer  with  Jade  analysis  soft¬ 
ware.  The  crystalline  grain  size  was  estimated  from  the 
following  formula  [10]: 


Grain  size  = 


0 

cos  6 


(i) 


Where  6  is  half  of  the  reported  peak  centroid,  B  is 
the  reported  peak  width  at  half  maximum  in  radians,  b 
is  the  instrument’s  broadening  and  X  is  the  wavelength. 

Scanning  electron  microscopy  (SEM)  was  used  to 
estimate  grain  sizes  bigger  than  100  nm  for  the  samples 
tested  at  higher  temperatures.  A  Hitachi  SEM  was  used 
for  this  purpose.  The  etchant  for  microscopic  examina¬ 
tion  consists  of  one  part  HNO,  (concentrated)  and  one 
part  acetic  acid. 

The  pole  figures  were  obtained  from  Philips  X’Pert 
MRD  4-axis  X-ray  diffractometer  by  tilting  the  speci¬ 
men  in  reflection  to  a  maximum  of  90°  in  2°  angular 
intervals.  For  more  detail  refer  to  [9]. 


2.2.  Tensile  testing 


2.  Experimental  procedures 

2.1.  Materials 

The  materials  used  in  this  research  were  two  kinds  of 
nanocrystalline  nickel  produced  by  an  electrodeposition 
technique:  pure  nanocrystalline  nickel  (designated 
PRNi),  500  ppm  carbon  doped  nanocrystalline  nickel 
(designated  CDNi).  The  materials  have  full  density 
(pore  free)  and  a  narrow  grain  size  range,  which  has 
been  achieved  by  the  precise  control  of  electrical  and 
chemical  parameters  [6],  The  electrodeposited  nanocrys¬ 
talline  materials  were  acquired  from  Integran  Technolo¬ 
gies  Inc,  Toronto,  Canada.  As  a  comparison,  a 
commercial  pure  polycrystalline  nickel  (designated 
PLNi)  was  also  used  in  this  study.  Table  1  presents  a 
summary  of  properties  tensile  and  hardness  of 
nanocrystalline  nickel  from  previous  stage  [9], 


Table  1 

Mechanical  properties  of  nanocrystalline  nickel 


Specimen 

tf’uTS  (MPa) 

°c).2%  (MPa) 

PRNi  _  as-received 

1527 

1307 

PRNi_100°C  annealed 

1604 

1324 

PRNi_200°C  annealed 

1571 

1283 

CDNi  _  as-received 

1140 

904 

CDNi  200°C  annealed 

1289 

803 

PLNi 

366 

299 

Uniaxial  tensile  testing  experiments  were  carried  out 
to  determine  the  basic  tensile  properties,  yield  strength, 
ultimate  tensile  strength,  etc.  Dog-bone  shaped  tensile 
test  samples  were  water-jet  machined  to  have  a  nominal 
gage  section  of  25.4  x  4  mm.  The  thicknesses  varied 
between  0.22  and  0.35  mm  for  pure  nano  nickel  and 
carbon  doped  nano  nickel,  respectively.  The  tensile  tests 
were  carried  out  on  a  MTS  810  machine  with  a  maxi¬ 
mum  2500  kg  load  cell  and  TestStar™  II  control  system 
software.  More  details  are  described  in  the  reference  [9]. 

2.3.  Fracture  toughness  experiments 

Fracture  toughness  testing  was  performed  using 
small  compact  tension  specimens  with  dimensions  of  32 
(width)  mm  and  40  (height)  mm.  The  thicknesses  of 
specimens  were  0.22  mm  for  pure  nano  nickel  and  0.35 
mm  for  carbon  doped  nano  nickel.  All  specimens  were 
machined  by  water  jet  machining.  Subsequently,  a  wire 


^  (%)  Hardness  (HK)  Grain  size  (nm) 


2.25 

463 

19 

2.20 

455 

21 

2.20 

470 

25 

0.5 

491 

18 

2.40 

568 

48 

35 

122 

21  (pm) 
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Fig.  1.  The  special  designed  fixture  and  setup  for  fracture  toughness 
testing  of  the  thin  samples. 

diamond  saw  was  used  to  cut  a  slot  with  a  root 
diameter  between  0.15  and  0.20  mm. 

All  fracture  toughness-testing  samples  were  fatigue- 
precracked.  Fatigue  pre-crack  was  created  in  a  tension- 
tension  mode  using  a  MTS810  servohydraulic  machine. 
The  processes  were  conducted  under  load  control  at  a 
frequency  of  15  Hz.  The  waveform  was  sinusoidal,  and 
a  constant  stress  ratio  (minimum  load/maximum  load) 
of  ^  =  0.1  was  maintained.  A  2500  kg  load  cell  was 
used  for  this  purpose. 


Fracture  toughness  testing  was  carried  out  per 
ASTME561  Standard  Test  Method  [11].  The  crack 
length  used  in  calculation  of  crack  extension  resistance, 
Kr  values  is  the  effective  crack  length  ae,  which  is  the 
total  physical  crack  length  plus  a  correction  for  plastic 
zone,  rY.  Correct  physically  measured  crack  lengths  as 
follows: 

tfe  =  (00  +  A*P  +  rv\ 

where:  a0,  original  crack  length;  A ap,  physical  crack 
growth  at  one  crack  tip;  rY,  plastic-zone  adjustment 
rY  =  (1/27t)C£r/0-y);  aY >  strength. 

A  special  designed  anti-buckling  fixture  was  used  for 
holding  the  specimens.  Fig.  1  shows  the  fixture  and 
setup  for  fracture  toughness  testing.  G-n  Metal  Assem¬ 
bly  Paste  (a  lubricant  made  by  Dow  Corning  Corpora¬ 
tion)  was  placed  around  the  specimen  to  reduce 
friction.  Steel  washers  were  used  to  prevent  lateral 
motion  of  the  specimen  at  the  loading-pin  holes.  A 
clip-on  gage  was  used  to  record  crack  opening  displace¬ 
ment.  The  crosshead  speed  was  kept  at  0.03  mm  min~  K 
Crack  propagation  was  monitored  and  measured  opti¬ 
cally  with  a  traveling  microscope.  Two  identical  sam¬ 
ples  were  tested  for  each  condition.  The  reported  values 
are  averages  of  two  experiments. 


3.  Results  and  discussion 

The  resulting  loads  vs.  crack  mouth  opening  behav¬ 
ior  are  given  in  Fig.  2.  It  is  noted  that  all  the  specimens 
initially  exhibited  linear  elastic  behaviors.  However, 


Crack  Mouth  Opening  (mm)  -  arbitrary  zero 
( *:  Load  normalized  by  specimen  thickness) 


Fig.  2.  Load  -  crack  mouth-opening  curves  (*:  load  normalized  by  specimen  thickness). 
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only  PRNi_200°C  annealed  and  CDNi_as-received 
keep  linearity  until  loads  drop.  All  the  others  became 
nonlinear  with  increasing  loads.  The  non-linearity  was 
an  indication  of  crack-tip  plastic  flow  and  stable  crack 
growth.  After  the  linear  part  of  PLNi,  it  presents  a 
nearly  flat  plastic-flow. 

Fig.  3  presents  a  comparison  of  the  ^-resistance 
curves  of  the  materials.  As  shown  in  Fig.  3,  there  are 
two  kinds  of  the  KR  curves.  One  is  flat  with  zero  slopes 
and  the  other  has  non-zero  slopes.  The  initial  fracture 
toughness  values  KR  for  pure  nanocrystalline  nickel  in 
as-received,  100°C  annealed  and  200°C  annealed  are 
about  72, 62  and  34  Mpam1/2,  respectively  and  62 
Mpam1/2  for  polycrystalline  nickel.  Once  start,  subse¬ 
quent  crack  extensions  in  the  as  received  and  100°C 
annealed  nickels  were  stable  and  showed  higher  crack 
growth  resistances  than  that  of  polycrystalline  nickel. 
This  was  indicated  by  the  rising  resistance  curves  in 
Fig.  3  and  the  nonlinear  parts  of  the  mouth  opening 
curves  in  Fig.  2.  In  contrast,  for  the  200°C  annealed 
pure  nanocrystalline  nickel,  crack  propagated  unstably 
under  a  constant  KR  level,  leading  to  a  zero  slope  in  the 
^-resistance  curve.  These  results  indicate  that  fracture 
toughness  resistance  for  pure  nanocrystalline  nickel  is 
very  sensitive  to  the  annealing  temperature.  Its  fracture 
toughness  decreases  with  increasing  annealing  tempera¬ 
ture.  In  other  word,  its  thermal  stability  is  poor.  Al¬ 
though  annealing  slightly  changed  the  KR  values  for 
CDNi  (carbon  doped  nickel),  the  shapes  of  KR  curve 
were  changed  from  zero  slope  (unstable  crack  growth) 
to  non-zero  slope  (stable  crack  growth).  Therefore,  it 
could  be  concluded  that  the  annealing  could  improve 
the  ^-resistance  of  carbon  doped  nanocrystalline 
nickel.  This  also  indicated  that  carbon  doping  might 
improve  the  thermal  stability  for  nanocrystalline  nickel. 


However,  carbon  doping  strongly  reduces  ^-resistance 
of  nanocrystalline  nickel. 

Fig.  3  shows  that  polycrystalline  nickel  exhibits  a  flat 
Kr  curve,  but  its  fracture  was  not  stable.  When  a  slope 
of  Kr  curve  is  zero,  its  load  -  crack  mouth  opening 
curve  should  be  also  used  to  determine  whether  a 
fracture  is  stable  or  unstable.  In  this  case,  the  crack  tips 
of  polycrystalline  nickel  stably  extended  under  a  con¬ 
stant  load  (flat  plastic-flow,  Fig.  2)  and  a  constant  KR 
value. 

After  fracture  toughness  testing,  all  specimens  necked 
through  the  thickness  in  varying  extent.  An  example  is 
shown  in  Fig.  4.  The  modes  of  fracture  were  a  shear- 
dominant  mode  and  there  was  not  a  significant  change 
as  a  function  of  various  heat  treatments.  Fig.  5  shows 
that  PRNi  sheet  exhibits  a  typical  ductile  fracture  mode 
for  the  as  received,  100  and  200°C  annealed.  A  trans- 
granular-tearing  mode  is  prevalent  for  all  of  them.  The 
difference  among  them  is  that  the  dimples  are  finer  and 


Fig.  4.  A  typical  SEM  fractograph  of  cross  section  over  view  in  a 
fracture  surface  for  as  received  nanocrystalline  Ni.  The  figure  shows 
a  shear  dominant  mode  of  fracture. 
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Fig.  5.  SEM  fractographs  of  PRNi:  (a)  as-received;  (b)  100°C  annealed;  (c)  200°C  annealed. 


Fig.  6.  SEM  fractographs  of  CDNi:  (a)  as-received;  (b)  200°C  annealed. 


deeper  for  the  as-received  (Fig.  5a),  coarser  for 
thelOO°C  annealed  (see  Fig.  5b),  coarser  and  shallower 
for  the  200°C  annealed  (Fig.  5c).  These  differences 
exhibited  on  fractography  correspond  to  the  difference 
of  ATR-curves.  For  the  carbon-doped  nickels,  the  frac¬ 
ture  surfaces  also  exhibited  ductile  fracture  features 
with  coarser  dimples  than  those  of  pure  nickel.  For  the 
as-received  CDNi,  the  dimple  size  is  relatively  large  and 
non-uniform  (Fig.  6).  The  dimple  shape  is  striped-tabu¬ 
lar  and  elongated  along  the  thickness  direction  of  mate¬ 
rial.  After  annealed  at  200°C,  its  dimple  shape  changes 
to  spherical  and  uniform. 

It  is  apparent  that  the  crack  growth  resistance  of 
pure  nanocrystalline  nickel  is  reduced  with  increasing 
annealing  temperature.  The  exact  reasons  for  this  be¬ 
havior  are  presently  unknown.  However,  a  cluster 


model  as  proposed  by  Trusov  et  al.  [12]  can  be  used  to 
explain  the  KR  behavior  of  nanocrystalline  nickel  in  this 
research.  According  to  this  model,  a  large  concentra¬ 
tion  of  non-equilibrium  vacancies  is  formed  inside 
grains  and  at  grain  boundaries  during  the  process  of 
recrystallization  of  nanocrystalline  materials.  The  phys¬ 
ical  reason  for  the  high  supersaturation  was  proposed 
to  be  the  athermal  emission  of  vacancies  from  grain 
boundaries  dislocation  during  boundary  migration  [13]- 
The  driving  force  for  this  process  was  proposed  to  be 
the  reduction  of  the  total  free  energy  of  the  system  due 
to  grain  growth.  These  dynamic  vacancies  are  con¬ 
densed  into  microvacancied  clusters,  which  have  been 
found  to  exist  by  experiments  [14,15].  These  clusters 
increase  with  increasing  annealing  temperature  and 
preferentially  segregate  along  grain  boundaries.  This 
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Fig.  7.  SEM  fractographs  of  PRNi  after  annealed  at:  (a)  300°C;  (b)  500°C. 


process  would  result  in  weakening  grain  boundaries 
and  reduce  the  A"R  properties  of  nanocrystalline  materi¬ 
als.  As  the  annealing  temperature  further  increases  to  a 
higher  level,  except  for  grain  growth  the  clusters  would 
accumulate  to  grow  up  and  even  to  form  pores  along 
grain  boundaries,  which  significantly  weakens  the  grain 
boundaries.  When  the  grains  grow  up  to  micron  level 
size,  the  fracture  features  of  pure  nanocrystalline  nickel 
appeared  to  be  totally  intergranular  fracture.  Fig.  7a 
shows  a  mixture  fracture  mode  with  both  transgranular 
ductile  fracture  and  intergranular  fracture  for  pure 
nanocrystalline  nickel  when  it  was  annealed  at  300°C. 
When  the  specimen  annealed  at  500°C,  only  intergranu¬ 
lar  fracture  was  observed.  Fig.  7b  clearly  indicates  that 
the  separation  occurs  at  grain  boundaries.  Although 
evidence  for  the  emission  of  non-equilibrium  vacancies 
by  migration  boundaries  has  been  presented  in  conven¬ 
tional  polycrystals  [16],  this  effect  will  be  much  stronger 
in  nanocrystalline  materials  due  to  the  initial  large 
volume  of  grain  boundaries.  Conventional  nickels  have 
not  shown  sensitivity  to  annealing  temperature. 

To  improve  the  thermal  stability  of  nanocrystalline 
nickel,  500  ppm  carbon  was  doped  in  the  nickel.  Under 
thermal  equilibrium  conditions,  carbon  would  preferen¬ 
tially  segregate  along  the  grain  boundaries,  which 
would  reduce  the  grain  growth.  Furthermore,  the 
doped  carbon  at  grain  boundaries  might  prevent  the 
vacancies  from  segregating,  or  to  reduce  the  segregation 
rate,  or  even  to  absorb  the  vacancies  if  the  carbon 
segregates  upon  vacancy  clusters.  The  reduction  of  the 
sensitivity  to  the  annealing  temperature  of  nanocrys¬ 
talline  nickel  and  improve  KR  properties  at  higher 
annealing  temperature  (Fig.  3)  could  be  related  to  this 
phenomenon. 


4.  Summaries 

(1)  For  pure  nanocrystalline  nickel,  the  crack  growth 
resistance  is  very  sensitive  to  annealing  temperatures. 
The  crack  growth  resistance  decreased  with  increasing 
annealing  temperature.  When  pure  nanocrystalline 


nickel  was  annealed  at  100°C,  it  exhibited  a  stable  crack 
growth  and  higher  crack  growth  resistance  than  that  of 
polycrystalline  nickel.  When  it  was  annealed  at  200°C, 
however,  it  showed  an  unstable  crack  growth  and  lower 
crack  growth  resistance  than  that  of  polycrystalline 
nickel. 

(2)  Carbon  doping  greatly  reduced  crack  growth 
resistance  of  nanocrystalline  nickel.  However,  the  crack 
growth  resistance  of  carbon-doped  nanocrystalline 
could  be  improved  through  annealing  processing. 

A  cluster  model  as  proposed  by  [12]  can  be  effectively 
used  to  explain  the  crack  growth  resistance  behavior  of 
nanocrystalline  nickels. 
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Abstract:  Nanostructured  nickel  with  grain  size  30  nm  that  was  produced  by  the  pulse 
electrodeposition  method  contains  sulfur  as  an  impurity.  The  concentration  of  sulfur 
varies  from  one  deposition  batch  to  another.  Tensile  tests  were  conducted  with  three 
different  nanostructured  nickel  sheets  containing  sulfur  0.03  at  %,  0.061  at  %  and  0.122 
at  %,  respectively.  The  tensile  strength  is  not  sensitive  to  the  sulfur  content  at  room 
temperature  while  Ni-0.061  at  %  S  exhibited  the  ultimate  strength  at  473  K  that  is  150 
MPa  higher  than  that  of  Ni-0.03  at  %  S.  With  increasing  sulfur  content  in  nanostructured 
Ni,  the  ductility  decreases,  indicating  that  the  plasticity  mainly  depends  on  grain 
boundary  sliding,  and  at  the  same  time,  the  dislocations  activity  is  very  limited  in  this 
grain  size.  On  the  other  hand,  the  creep  results  show  that  both  minimum  creep  rate  and 
creep  strain  significantly  decrease  with  increasing  sulfur  content  similar  to  the  effect  of 
boron  on  creep  of  nanostructured  nickel.  The  Norton  exponent  increased  to  6-  6.5  at  373 
K  in  contrast  to  that  of  unity  at  room  temperature. 

I.  INTRODUCTION 

Since  the  mid-1980s,  increasing  attention  has  been  paid  to  nanostructured  materials  due 
to  their  unique  mechanical,  physical  and  chemical  properties  [1-4].  Although  the  majority 
of  research  work  has  been  conducted  in  the  areas  of  synthesis  and  processing,  the 
preparation  of  nanostructured  bulk  materials  of  porosity-free  has  been  proven  to  be 
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difficult.  As  a  result,  limited  investigation  on  mechanical  behavior  including  tensile 
fracture  and  creep  has  been  carried  out  until  now.  In  nanostructured  nickel,  the  grain  size 
effect  on  yield  strength  was  interpreted  using  the  Hall-Petch  theory  up  to  the  grain  size  of 
10  nm  [5,6]  whereas  so  called  “negative  Hall-Petch  relation”  was  observed  below  grain 
size  less  than  10  nm  [5].  It  is  suggested  that  the  dynamic  creep  deformation  might  be 
responsible  for  the  observed  anomalous  yield  strength.  The  creep  tests  for  nanostructured 
nickel  confirmed  an  important  role  of  grain  boundary  migration  in  the  primary  creep, 
though  the  detailed  mechanism  is  not  well  known  [5]. 

The  tensile  strength  and  creep  of  nanostructured  materials  strongly  depend  on  two 
factors:  grain  size  and  grain  boundary  chemistry.  Nanostructured  Ni-P  alloys  showed 
improved  strength  due  to  the  enhanced  grain  boundary  binding  by  phosphorus 
segregation  and/or  precipitates  like  N^P  [7],  Recent  study  on  boron  doped  nanostructured 
Ni  showed  that  the  boron  doping  not  only  enhances  the  tensile  strength,  but  also  increases 
the  creep  resistance  [8].  Numerous  experimental  results  suggest  that  the  deformation 
behavior  is  sensitive  to  the  segregation  of  metalloids  at  grain  boundary  in  nanostructured 
nickel.  In  this  paper,  we  examine  the  effect  of  sulfur  on  tensile  and  creep  behavior  in 
nanostructured  nickel. 

n.  EXPERIMENTAL  PROCEDURE 

Three  different  batches  of  nanostructured  nickel  sheets  that  were  prepared  by  the  pulse 
electrodeposition  technique  were  obtained  from  Integran  Technologies  Inc.  The 
nanostructured  nickel  that  were  produced  by  the  pulse  electrodeposition  technique  is  free 
from  pores,  voids,  or  oxides  and  thereby,  posses  fully  density  with  relatively  uniform 
grain  sizes  [9].  Such  a  relatively  micro-defect-free  structure  minimizes  the  uncertainty  in 
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the  mechanical  testing  and  its  results.  The  thickness  of  the  sheets  varied  from  batch  to 
batch  between  0.25  mm  to  0.4  mm.  LECO  Combustion  Analyzer  was  employed  to 
analyze  the  concentrations  of  carbon  and  sulfur  in  nickel.  The  results  were  listed  in  Table 
1.  The  other  impurities  specified  by  the  producer  were  Si<75ppm,  Cu<25ppm, 
Co<50ppm,  Pb<2ppm  which  remained  constant  from  one  batch  to  another.  In  the  present 
paper,  we  named  the  nano-Ni  alloys  from  different  batches:  Ni-LS  for  low  concentration 
of  sulfur,  Ni-MS  for  medium  sulfur  concentration  and  Ni-HS  for  high  sulfur 
concentration. 

Specimens  for  tensile  and  creep  test  were  cut  from  the  sheet  material  by  electron- 
discharge  machining.  Each  specimen  has  gauge  dimensions  of  15  mm  in  length  3  mm  in 
width.  The  tensile  tests  were  carried  out  on  MTS-810  Material  Test  System  under  the 
stroke  control  condition  at  the  initial  strain  rate  of  4x1 0‘5  s'1.  A  high  sensitivity 
extensometer  was  attached  to  the  gauge  section  of  specimens  to  monitor  the 
displacement.  Both  load  and  displacement  signals  were  digitized  by  195 A  Keithley 
digital  multimeters  and  recorded  using  a  PC  computer  with  an  analog-digital  conversion 
board. 

The  uniaxial  creep  tests  were  performed  under  the  stress  range  of  50MPa  to  lGPa  at 
room  temperature,  373  K  and  473K,  respectively.  The  step-load  method  has  been  adopted 
to  exploit  creep  rate  change  and  instantaneous  response  during  loading  and  unloading. 
Thin  foils  for  TEM  were  cut  by  EDM  from  the  as-received  sheets  as  well  as  tested 
specimens.  The  final  polishing  was  prepared  by  double-jet  electropolishing  in  a  solution 
of  25%  HNO3  and  75%  CH3OH  at  220K  and  30V.  Also,  the  grain  size  was  determined 
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by  X-ray  line  broadening  technique.  The  microstructure  of  as-received  materials  and 
crept  samples  was  investigated  by  TEM. 

RESULTS  AND  DISCUSSION 
A.  Grain  Boundary  Segregation 

Nanostructured  nickel  sheets  shown  in  Fig.l  did  not  display  any  visible  difference  in 
appearance  from  the  polycrystalline  nickel.  The  x-ray  diffraction  patterns  from  the  as- 
received  nanostructured  nickel  sheets  showed  the  line-broadening  while  the  unusual  peak 
strengthening  associated  with  deposition  texture  was  absent  in  the  patterns.  According  to 
the  Scherrer's  formula,  the  grain  size  was  determined  from  the  broadened  x-ray  peaks  and 
the  three  batches  of  nano-Ni  used  for  current  experiments  showed  approximate  grain  size 
of  30  nm.  The  bright-field  TEM  images  of  nano-Ni-MS  showed  relatively  uniform 
equiaxed  grains  as  showed  in  Fig.  2.  Although  the  nano-nickel  of  porosity-free  is 
advantageous  for  consistent  data  acquisition,  the  nano-nickel  produced  by 
electrodeposition  method  is  contaminated  with  impurities  such  as  S,  C  which  were 
introduced  from  the  bath  solution  during  deposition.  In  our  materials,  the  dominating 
impurities  were  carbon  and  sulfur,  mainly  coming  from  the  additive  saccharin.  From 
Table  1,  it  can  be  found  that  the  carbon  concentrations  of  three  materials  remained  almost 
same  level  whereas  sulfur  concentration  varied  from  0.03  at  %  to  0.122  at  %.  Obviously, 
these  impurities  tend  to  segregate  to  grain  boundaries  above  room  temperature  during 
creep  testing.  Therefore,  it  is  desired  to  calculate  the  equilibrium  concentration  of  these 
elements  at  grain  boundaries  in  order  to  understand  the  effect  of  these  impurities  on  the 
deformation  mechanism  in  nanostructured  metals. 
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A  general  theory  of  interfacial  segregation  was  developed  on  the  basis  of  thermodynamic 
equilibrium  for  the  distribution  of  different  types  of  species  between  bulk  and  interface 
[10].  For  a  multicomponent  system,  the  mole  fraction  of  a  particular  interstitial  at  the 
interface  may  be  written  [11]: 


Xf 


X , 


X* 


-exp 


AG, 

RT 


(1) 


where  X*\  and  Xi  are  the  mole  fractions  of  element  I  at  the  interface  <j>  and  in  the  bulk, 
respectively,  and  AG  is  free  energy  of  segregation.  When  the  total  concentration  of 
impurities  is  extremely  low,  the  above  equation  may  be  further  simplified: 


Xf  =  X,  exp 


A  G, 
RT 


Further  the  concentration  of  impurities  at  grain  boundary  and  inside  grain  can  be 
calculated  if  the  following  relation  is  valid: 


XfVGB+X,(l-VGB)  =  X  (3) 

where  Vgb  is  the  volume  fraction  of  intercrystalline  component,  and  X  is  the  average 
concentration  of  a  solute  in  the  metal.  The  free  energy  of  segregation  is  approximately 
equal  to  the  segregation  enthalpy  as  the  segregation  entropy  may  be  very  small.  For  the 
calculations  of  the  concentration  of  sulfur  at  the  grain  boundary,  the  segregation  enthalpy 
of  sulfur  in  nickel,  H=70kJ/mol  [12]  was  used.  The  volume  of  grain  boundary  Vgb  was 
found  to  be  nearly  5%  for  the  uniform  grain  size  of  30  nm  of  nano-nickel  by  assuming 
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that  the  grain  boundary  thickness  is  0.5nm.  In  the  current  study,  the  calculated  sulfur 
concentration  at  grain  boundary  was  2.48  at  %  in  Ni-HS  containing  0.122  at  %S.  The 
high  volume  of  grain  boundary  in  nanostructured  materials  dramatically  increases  the 
total  solubility  of  sulfur,  which  is  consistent  with  the  absence  of  precipitates  in  Ni-HS. 
The  full  results  on  carbon  and  sulfur  concentrations  are  listed  in  Table  2.  In  high  purity 
nickel,  nickel  sulphide  phase  could  be  produced  with  sulfur  as  little  as  0.0018  at  %  [13, 
14]  whereas  a  low  melting  eutectic  of  nickel-nickel  sulphide  was  found  to  surround  grain 
boundary  in  conventional  polycrystalline  nickel  containing  greater  than  0.01  at  %  S[15], 
Meantime,  the  presence  of  sulfur  segregation  at  intercrystalline  defects  has  been  found  in 
nanocrystalline  nickel  containing  0.29  at  %S  [16].  It  was  also  noticed  that  the  sulfur 
concentration  fluctuated  along  grain  boundary  in  the  annealed  samples.  In  addition,  there 
were  evidences  that  sulfur  content  was  higher  at  triple  junction  (5.3  at  %)  than  at  grain 
boundary  (3 .3  at  %)  [16].  The  calculated  grain  boundary  concentration  of  sulfur  in  Ni-HS 
is  smaller  than  that  were  3.3  at  %  in  nickel  containing  0.29  at  %S.  The  real  grain 
boundary  concentration  should  be  higher  than  the  experimental  result.  Therefore  the 
calculated  segregation  at  grain  boundary  is  well  consistent  to  the  experimental  results. 

B.  Tensile  Behavior 

The  tensile  test  results  at  room  temperature  in  Ni-LS  showed  that  the  0.2%  offset  yield 
strength  reached  lGPa,  the  ultimate  strength  was  close  to  1.5GPa  and  its  elongation  was 
less  than  1%  (Fig.3).  At  373K,  the  ductility  did  not  change  evidently  compared  with  the 
tests  at  room  temperature  while  the  ultimate  strength  slightly  decreased.  When  the  test 
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temperature  was  increased  to  473K,  the  ultimate  strength  in  Ni-LS  dropped  dramatically 
to  half  of  the  value  at  373K. 

The  strength  in  Ni-MS  was  less  sensitive  to  the  test  temperature,  as  shown  in  Figure  4. 
Consequently,  Ni-MS  exhibited  150MPa  higher  in  ultimate  strength  than  Ni-LS,  in  which 
the  same  level  of  ultimate  strength  at  room  temperature  and  373K.  The  ductility  of  Ni-HS 
was  so  poor  that  all  tensile  specimens  were  broken  during  loading.  To  avoid 
embrittlement  of  sulfur  in  conventional  polycrystalline  nickel,  sulfur  content  has  to  be 
below  0.001  at  %  [13]. 

When  an  array  of  dislocations  in  a  grain  is  subjected  by  an  applied  stress,  the  lead 
dislocation  near  the  grain  boundary  will  be  subjected  to  a  stress  given  by  an  expression 
[17]: 

A  Gb 

Xb-ft2x(l-v)(l,-l,) 

In  this  formula,  1;  (lj)  is  the  distance  from  dislocation  i  (j)  to  the  obstacle.  The  solution 
showed  that  the  stress  acting  (back  stress)  on  the  leading  dislocation  near  the  grain 
boundary  with  n  parallel  dislocations  was  found  to  be  approximately  450  MPa  for  n  =  2, 
825  MPa  for  n  =  3  and  1250  MPa  for  n  =  4,  respectively.  The  stress  for  four  dislocations 
is  higher  than  the  yield  stress,  1.0  GPa  and  therefore,  any  significant  pile-up  of 
dislocations  is  practically  excluded  in  most  grains  except  much  larger  grains.  It  is  also 
true  that  the  grain  size  distribution  exists  in  this  material,  and  therefore  the  average  grain 
size  can  not  be  used  for  dislocation  pile-up  calculations.  In  larger  grains,  a  dislocation 
pile-up  may  occur  at  a  much  lower  stress  level  whereas  dislocation  nucleation  may  not 
occur  in  sufficiently  smaller  grains.  If  this  is  the  case,  a  new  question  arises  as  to  the 
source  of  plastic  deformation  beyond  yield  stress.  The  idea  is  that  the  grain  boundary 
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sliding  is  a  competing  mechanism  against  dislocation  mechanism.  The  grain  boundary 
sliding  may  be  carried  out  by  a  few  plausible  mechanisms.  First,  in  the  absence  of  lattice 
dislocation  activity,  the  activity  of  grain  boundary  dislocations  would  be  a  logical  subject 
to  investigate  relative  to  the  other  deformation  mechanisms  in  nanostructured  nickel.  By 
comparing  the  stress  unlocking  the  Frank-Read  source  ~Gb/2/  with  the  plasticity  yield 
stress  ~K/1/2  [18],  the  critical  grain  size  for  generation  of  grain  boundary  dislocations  was 
estimated  to  be  several  nanometers.  The  stress-induced  and  original  grain  boundary 
dislocations  might  be  expected  to  travel  along  the  interface  without  penetrating  the 
nanostructured  volumes.  For  the  coincidence  site  lattice  model,  the  Burgers  vectors  of 
secondary  grain  boundary  dislocations  are  only  a  fraction  of  those  of  lattice  dislocations. 
This  means  that  the  critical  stress  for  the  migration  of  secondary  grain  boundary 
dislocations  is  much  lower  than  that  for  the  glide  of  lattice  dislocations.  Therefore,  grain 
boundary  dislocations  could  be  active  in  nanostructured  nickel  and  contribute  to  plastic 
deformation.  It  is  not  easy  to  identify  dislocations  under  high  resolution  TEM  in  nano¬ 
grains  since  many  deformation  dislocations  may  disappear  during  the  preparation  of  thin 
TEM  specimens.  Second,  when  the  grain  boundary  structure  is  disordered  and  its 
viscosity  lies  below  a  critical  value  where  the  viscous  flow  can  occur  under  the  applied 
stress,  the  viscous  flow  may  be  realized.  The  viscous  flow  mode  may  require  thermal 
activation.  The  first  and  second  modes  may  be  capable  of  deforming  material  under 
static  deformation  testing.  The  relationship  between  stress  and  strain  rate  in  viscous  flow 
obeys  <x  =  Srjs  [19],  and  viscosity  is  sensitive  to  temperature  and  to  a  lesser  degree,  to 
applied  stress.  Third,  the  material  still  can  be  deformed  by  grain  migration  mainly  caused 
by  diffusion.  This  mechanism  has  been  well  known  to  occur  in  polycrystalline  metals 
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and  alloys  at  relatively  high  temperatures.  It  has  been  suggested  that  there  is  no  hardening 
effect  in  nanostructured  materials  at  room-temperature  deformation  [5].  This  indicates 
that  the  dislocation  pile-ups  necessary  for  strain  hardening  may  be  absent  or  negligible  in 
this  material.  Consequently,  the  grain  boundary  sliding  and  migration  is  the  main 
mechanism  for  plastic  deformation  in  such  a  material.  Therefore,  the  sulfur  in  grain 
boundaries  would  be  responsible  for  pinning  grain  boundary  dislocations  and  the 
reduction  of  viscous  flow. 

C.  Creep  Behavior 

The  nano-Ni-LS  exhibited  a  prolonged  primary  creep  whose  minimum  strain  rate  reached 
SxKf'V1  after  100  hours  under  600MPa  at  room  temperature  while  the  minimum  creep 
rate  of  nano-Ni-MS  at  room  temperature  approached  one  third  of  that  Ni-LS  (Fig.5).  The 
nano-Ni-HS  showed  a  reduced  creep  strain  and  very  short  rupture  life  for  all  creep  tests. 
The  step-load  creep  tests  showed  that  the  minimum  strain  rates  were  proportional  to  the 
applied  stress  for  the  nanostructured  nickel  independent  of  sulfur  concentration. 

The  creep  resistance  is  very  sensitive  to  testing  temperature  for  all  three  nano-Ni  alloys. 
Nanostructured  Ni-MS  alloy  exhibited  an  accelerated  minimum  creep  rate  above  room 
temperature.  For  example,  the  minimum  strain  rate  at  600MPa  reached  6x1 0'V1  at  373K, 
which  is  about  two  orders  of  magnitude  larger  than  that  at  room  temperature.  The  Ni-LS 
showed  an  even  higher  minimum  creep  rate,  which  was  about  8xl0’8  under  400MPa  and 
373K.  At  473K,  the  minimum  strain  rate  of  the  Ni-LS  alloy  under  50MPa  reached  the 
level  of  Ni-MS  under  200MPa  (Fig.6). 

Fig.7  shows  the  strain  dependence  in  minimum  strain  rate  for  a  given  temperature.  At 
373K,  Norton  exponents  were  about  6.5  and  6  for  nanostructured  nickel  Ni-LS  and  Ni- 
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MS.  Creep  activation  energy  of  Ni-LS  and  Ni-MS  can  be  calculated  to  be  85kJ/mol  and 
107kJ/mol  respectively. 

The  creep  rate  in  diffusional  Nabarro-Herring  as  well  as  Coble  creep  with  respect  to  true 
applied  stress  exhibits  linear  dependence.  The  dislocation  creep  rate  is  practically 
independent  of  grain  size,  while  the  diffusional  creep  rate  is  inversely  proportional  to  the 
second  power  of  mean  grain  diameter  when  the  diffusion  mass  transport  occurs  via  the 
lattice;  and  to  the  third  power  of  mean  grain  diameter  when  it  occurs  through  grain 
boundaries. 

At  low  homologous  temperatures,  the  grain  boundary  diffusion  in  small  mean  grain 
diameters  dominates  over  the  lattice  diffusion.  Consequently,  under  these  conditions,  the 
diffusional  creep  will  occur  by  stress  directed  mass  transport  through  grain  boundaries. 
Assuming  spherical  grains,  Coble  derived  the  following  equation  for  creep  rate  [20]: 


743Db05bqQ 

7t  d3kT 


exp(- 


(7) 


In  the  formula,  Db  is  grain  boundary  diffusion  coefficient,  8b  is  effective  grain  boundary 
width  and  Q  is  atomic  volume.  Since  diffusion  coefficient  Dbo  in  nanostructured  nickel  is 
not  available,  the  data  for  polycrystalline  nickel,  i.e.,  8bDbo  =  4xl0'15  m3/s  and  Qb  = 
107kJ/mol  [21]  were  used  here.  Given  Q  =  8.0xl0*3  nm3,  d  =  30  nm, 


8  = 


4x1 0s  a  ,  12996 . 
— - — exp( — ; 


(8) 


At  room  temperature  under  700  MPa,  the  calculated  minimum  strain  rate  (3.3  xlO"10/s)  is 
of  the  same  order  of  magnitude  as  the  experimental  value  (1 1  xlO'IO/s).  But  the  calculated 
strain  rate  based  on  Eq.7  was  much  smaller  than  that  of  the  experimental  value  at  373  K. 
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This  indicates  that  the  creep  mechanism  may  no  longer  be  governed  by  the  Coble 
mechanism,  but  possibly  by  the  dislocation  mechanism. 

In  nanostructured  materials,  the  activity  of  dislocations  is  very  low  because  of  nanoscale 
grain  size.  Therefore  sulfur  should  have  little  effect  on  lattice  dislocation  since  the 
concentration  is  dilute  in  the  grains  not  mention  to  the  diminished  dislocation  activity. 
Thus,  the  role  of  sulfur  should  be  pronounced  in  the  deformation  at  grain  boundary, 
where  the  grain-boundary  sliding  and  high  diffusion  occur.  Current  study  shows  the 
material  with  0.06at%  sulfur  exhibited  highest  creep  resistance.  How  can  this  small 
amount  of  sulfur  generate  such  strengthening  effect?  The  molecular  dynamics 
simulations  by  the  embedded-atom-method  have  been  performed  to  study  the  segregation 
of  phosphorus  atoms  to  Ni  grain  boundary  [22].  The  results  showed  that  phosphorus 
reduced  the  number  of  micro-voids  near  grain  boundary  which  implied  that  the  existence 
of  phosphorus  increases  grain  boundary  cohesion.  In  addition,  there  was  the  oscillation  of 
segregation  energy  near  grain  boundary,  which  indicated  that  the  composition 
distribution  is  not  uniform.  The  fluctuation  of  sulfur  along  grain  boundary  was  confirmed 
by  the  high  resolution  electron  microscopy  observation  in  nanostructured  nickel 
containing  0.29at%  sulfur  [16]. 

The  phenomena  of  fluctuation  can  be  interpreted  using  the  modified  “Disordered  Atom 
Group”  model  of  grain  boundary  [23,  24].  Ke  proposed  that  the  grain  boundaries  would 
consist  of  many  disordered-atom  groups  which  are  separated  by  regions  of  good  fit.  It  is 
reasonable  to  assume  that  the  solutes  tend  to  stay  in  the  cores  of  disordered-atom  groups 
as  the  cores  have  larger  excess  free-volume.  From  the  plot  of  the  segregation  fluctuation 
along  grain  boundary  [16],  the  zone  with  high  sulfur  content  can  be  measured  around  10 
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nm.  It  might  be  deduced  that  disordered-atom  groups  can  link  each  other  to  form  “loose 
zone”  separated  by  “fit  zones”.  Since  atoms  in  “fit  zones”  are  arranged  more  regularly 
with  less  free  volume,  “fit  zones”  are  more  resistant  to  the  applied  stress.  The  “loose 
zones”  may  allow  for  one  atom  to  glide  over  another  under  sufficient  stress.  Therefore 
the  “loose  zones”  may  contribute  to  grain  boundary  sliding.  This  requires  a  local 
displacement  having  components  both  parallel  and  perpendicular  to  the  grain  boundary. 
The  solute  atoms  located  in  the  core  of  “loose  zones”  can  reduce  free  volume,  and  result 
in  pining  effect.  From  this  analysis,  it  is  unnecessary  to  form  a  mono-layer  of  solutes. 
Instead,  a  minute  amount  of  solute  is  enough  for  strengthening  grain  boundary. 

IV.  SUMMARY 

1.  The  effect  of  sulfur  on  tensile  strength  was  less  obvious  at  room  temperature,  but 
pronounced  at  moderate  temperatures.  As  temperature  increases,  the  tensile 
strength  dropped  very  rapidly  in  nanostructured  nickel  containing  0.03at%S 
whereas  the  Ni-0.061at  %S  material  maintained  high  yield  stress  level  at  473K. 

2.  The  tensile  creep  tests  showed  accelerated  minimum  creep  rate  in  nanostructured 
Ni-0.03at%S  compared  to  the  nano-Ni-0.061at%S. 

3.  Very  poor  ductility  of  Ni-0.122at%S  indicates  that  high  concentration  of  sulfur  as 
calculated  to  be  2.5  at  %  at  grain  boundary  is  significant  enough  to  hinder  grain 
boundary  sliding;  and  for  the  applied  stress  of  200-1000  MPa,  and  the  temperature 
range  of  RT-373K,  the  contribution  of  lattice  dislocations  to  the  deformation 
appears  negligible. 
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Table  1  Trace  Concentrations  of  Interstitials  in  Nanostructured  Nickel* 


Alloy 

C**,  at.  % 

S**,  at.  % 

Ni-LS 

0.045±0.012 

0.0310.002 

Ni-MS 

0.033±0.009 

0.06110.004 

Ni-HS 

0.045±0.003 

0.12210.003 

*  Si<75ppm,  Cu<25ppm,  Co<50ppm,  Pb<2ppm 

**  LECO  Combustion  Analysis  for  Carbon  and  Sulphur,  the  average  obtained 
from  three  tests 


Table  2  Calculated  Concentrations  of  Interstitials  at  Grain  Boundary  in  Nanostructured 
Nickel 


Alloy 

C,  at.  % 

S,  at.  % 

Ni-LS 

0.9t 

0.6i 

Ni-MS 

0.6  7 

1.24 

Ni-HS 

0.92 

2.4s 
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Figure  1  The  as-received  sheets  of  nanostructured  nickel  (top:  Ni-LS,  bottom:  Ni-MS). 


Figure  2  Bright  field  image  of  as-received  nano-nickel  (Ni-MS). 
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Figure  3  Tensile  behavior  of  nanostructured  Ni-LS. 
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Figure  4  Effect  of  sulfur  on  tensile  strength  in  nano-nickel. 
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behavior  of  nanostructured  nickel  at  room  temperature. 
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Figure  6  Creep  behavior  of  nanostructured  nickel  at  473K. 


Figure  7  Minimum  strain  rate  dependent  on  stress. 
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Figure  1  As-received  sheets  of  nanostructured  nickel:  top:  Ni-LS,  bottom:  Ni-MS. 
Figure  2  Bright  field  image  of  as-received  nano-nickel:  Ni-MS. 

Figure  3  Tensile  behavior  of  nanostructured  Ni-LS. 

Figure  4  Effect  of  sulfur  on  tensile  strength  in  nano-nickel. 

Figure  5  Creep  behavior  of  nanostructured  nickel  at  room  temperature. 

Figure  6  Creep  behavior  of  nanostructured  nickel  at  473K. 

Figure  7  Plots  of  minimum  strain  rate  vs.  stress  in  three  nickel  alloys. 
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Ab-Initio  Calculation  for  the  Bond  Formation  in  Ni-C  Systems 
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The  tensile  behavior  and  fracture  properties  of  carbon  doped  nanocrystalline 
nickel  systems  has  been  studied  by  C.  Xiao,  R.  A.  Mirshams,  S.  H.  Whang,  and  W.  M. 
Yin.  [1,2]  These  authors  focused  on  carbon  doped,  face-centered  cubic  (fee), 
nanocrystalline  nickel  systems.  The  dimensions  of  these  systems  varied  from  10  to  100 
nanometers.  Grain  growth  was  observed  in  the  nanocrystalline  nickel  systems  as 
temperature  increased.  A  fast  growth  of  the  grains  in  nanocrystalline  nickel  samples  was 
noticed  at  300°C.  The  addition  of  carbon  appeared  to  enhance  the  stability  of  the 
microstructures  in  the  studied,  nanocrystalline  nickel  systems  at  intermediate 
temperatures. 

This  computational  research  aims  to  understand  some  aspects  of  the  microscopic 
mechanism  driving  the  above  behavior  of  carbon-doped,  nanocrystalline,  fee  nickel 
systems.  In  particular,  we  studied  the  formation,  nature,  and  strength  of  the  Ni-Ni  and  Ni- 
C  bonds  in  these  systems.  In  the  first  phase  of  this  work,  we  performed  ab-initio 
calculations  for  the  electronic  and  magnetic  properties,  and  the  total  energy  versus  the 
bond  length  for  pure  Ni  and  Ni-C  alloy.  We  employed  density  functional  theory,  the 
linear  combination  of  atomic  orbitals  (LCAO)  formalism,  and  the  Bagayoko-Zhao- 
Williams  (BZW)  procedure.  [3 -7]  The  total  energy  provides  a  measure  of  the  formation 
energy  and  general  stability  of  the  system  as  the  bond  length  changes.  Further  insight  is 
expected  from  the  comparison  of  the  Ni-Ni  and  Ni-C  bonds. 

The  calculated  total  energies  for  the  formation  of  Ni-Ni  bond  and  Ni-C  bond  are 
shown  in  Figure  1.  In  Figure  1,  the  zero  energy  is  set  at  the  total  energy  for  the  free 
atoms.  In  the  calculation,  the  pure  nickel  phase  is  in  the  fee  structure.  The  Ni-C  alloy  is 
chosen  in  the  zinc  blend  (ZB)  structure,  since  the  carbon  atoms  prefer  four-fold 
coordination.  For  the  pure  fee  nickel  phase,  our  calculated  lattice  constant  is 

o 

3.50  +  0.02 A,  which  agrees  very  well  with  experimentally  measured  lattice  constant  of 

o 

3.52  A  .[3]  Our  calculated  magnetic  moment  from  the  spin  polarization  of  nickel  atom  is 
0.57  +  0. 01  juB  per  atom.  The  experimentally  measured  magnetic  moment  of  pure  nickel 
is  0.606  /uB .  After  allowance  for  the  magnetic  moment  contribution  from  orbital 
magnetism,  our  calculated  spin  contribution  agrees  well  with  the  published  data  of 
0.54  juB  per  nickel  atom.[3] 

From  Figure  1,  we  can  see  that  the  calculated  minimum  of  the  total  energy  of  Ni- 
Ni  bond  is  lower  than  that  of  Ni-C  bond.  This  demonstrates  that,  in  the  carbon  doped 
nickel  nanocrystalline  alloys,  the  formation  of  Ni-Ni  bond  is  preferred  to  that  of  Ni-C 
bond.  The  nanocrystalline  nickel  grain  has  the  tendency  to  attract  the  neighboring  nickel 
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atoms.  The  calculated  Ni-C  bond  length  is  1.88  +  0.02  A,  which  is  much  shorter  than 
the  Ni-Ni  bond  length  of  2.47  +  0.02  A  . 


Figure  1.  The  calculated  total  energies  for  Ni-Ni  and  Ni-C. 

In  the  growth  of  the  nanocrystalline  nickel  grains,  the  neighboring  coordinates  of 
nickel  atoms  at  the  surface  of  a  grain  or  at  the  interface  of  grains  generally  are  different 
from  that  of  the  bulk  fee  nickel.  We  have  calculated  the  formation  energies  of  the  Ni-Ni 
bonds  for  the  fee  nickel  structure  and  for  a  zinc  blend  structure  of  pure  nickel,  as  show  in 
Figure  2.  In  the  zinc  blend  structure  of  pure  nickel,  the  Ni  atoms  are  four-fold 
coordinated.  Figure  2  shows  the  zinc  blend  structure  of  nickel  is  unstable,  since  the 
minimum  of  the  total  energy  of  Ni-Ni  (ZB)  is  higher  than  that  of  Ni-Ni  (fee)  bond  at 
bond  lengths  over  2.2  Angstroms.  Nickel  atoms  prefer  the  fee  structure  with  the  twelve¬ 
fold  neighboring  coordinates.  This  behavior  explains  the  growth  of  the  nanocrystalline 
nickel  grains  in  the  face-centered  cubic  structure. 


Figure  2.  The  formation  energies  of  the  Ni-Ni  bonds  for  the  fee  structure  and  for  a  zinc 
blend  structure  of  pure  nickel. 
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Future  work  of  this  project  includes  calculations  of  the  formation  energy  of  the 
chemical  bonds  of  the  nanocrystalline  nickel  systems  with  dopants  other  than  carbon  (i.e., 
boron,  phosphorus,  or  nitrogen).  The  comparison  of  our  results  for  the  formation  of  the 
chemical  bonds  of  Ni  with  different  dopants  is  expected  to  shed  light  on  the  enhancement 
of  the  relative  stability  of  carbon-doped  nanocrystalline  nickel  systems.  Future  work  also 
includes  molecular  dynamics  (MD)  simulations  for  the  structural,  dynamical,  and 
mechanical  properties  of  nanocrystalline  nickel  systems.  From  molecular  dynamics 
simulations,  we  can  calculate  and  even  predict  the  structure  factors  of  the  materials  that 
can  be  measured  in  various  experiments.  Molecular  dynamics  simulations  can  help  us 
and  other  experimentalists  to  understand  the  growth  process  and  the  formation  of  various 
defects  (such  as  voids,  impurities,  interstitial  point  defects,  and  dislocations)  in 
nanomaterials.  Such  simulations  will  also  provide  the  information  regarding  diffusion 
constant  of  percolation  or  doped  atoms. 

As  well  known,  an  appropriate  potential  of  the  inter-atomic  interaction  is  the  key 
to  the  success  of  a  MD  simulation.  The  input  information  of  the  inter-atomic  potential 
will  be  derived  from  the  ab-initio  computations  partly  presented  above.  In  that  sense,  a 
critical  contribution  of  this  work,  in  addition  to  the  insights  provided  above,  stems  from 
the  accuracy  of  the  inter-atomic  potentials  derived  from  our  ab-initio  computational 
results. 
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